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ABSTRACT

Yang, Yung-Jih Ph.D., Purdue University, December 2016. Experimental and Modeling
Studies of Colloidal Suspension Stability of High-Density Particles in Aqueous Solutions
Major Professors: Elias I. Franses and David S. Corti

Agglomeration and sedimentation of suspended colloidal particles occur in many
natural phenomena, in consumer products, and in engineering applications. Stabilized
colloidal pigment dispersions were used in ancient Egypt and in ancient France thousands
of years ago. Present day applications include the manufacturing of paints and coatings,
enhanced oil recovery, waste-water treatment, pharmaceutical dispersions, biotechnology,
and inkjet printing. The most common problem in colloidal science is how to stabilize
suspended colloidal particles against agglomeration by controlling their interparticle
forces. If the particles agglomerate, the sizes of the resulting agglomerated particles
increase, increasing the sedimentation (or creaming) rate, and the suspensions can
become unstable. In certain coating processes, preventing the agglomeration of dispersed
particles is less important, since the particles may agglomerate after the coating is applied
and dried. By contrast, strategies for preventing sedimentation, whether or not
agglomeration occurs, are particularly important for suspensions containing high-density
particles. For such suspensions, few fundamental studies are available in the literature,
even though their uses are widespread. This thesis focuses principally, for the first time in
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substantial detail, on the stability of aqueous (or other) suspensions against not only
agglomeration but also sedimentation. Strategies for preventing the sedimentation of
suspensions containing high-density particles, especially for inkjet printing applications,
are another focus of the thesis.
Titania particles are a common pigment material for high-quality white inks. Their
density (4.2 g/cm3 ) is quite high, compared to other pigments, causing them to be quite
susceptible to settling. To stabilize these high-density particles, three surfactants were
chosen as dispersants and stabilizers. One was an anionic single-chain surfactant, sodium
dodecylsulfate (SDS); a second was a nonionic single-chain surfactant, Triton X-100
(TX100); a third was a cationic double-chain surfactant, didodecyldimethylammonium
bromide (DDAB). The targeted titania particles were quite polydisperse in size with
diameters 𝑑TiO2 =280±100 nm.
In the aqueous SDS solutions with concentration above its cmc (ca. 8 mM in water),
the particles were well dispersed and remained stable against coagulation, mainly due to
the strong electrostatic interactions produced by the adsorbed surfactants on the particle
surfaces. Nonetheless, the particles still settled by 0.5 cm in 45 h, and that is the best
stability against sedimentation that can be achieved by using SDS as the stabilizer.
Moreover, at higher SDS concentrations, above 60 mM, the particles flocculated in short
times and settled in 1 to 2 h. The flocculation is attributed to the strong depletion
interactions, induced by the SDS micelles (Yang et al. JCIS 2015). On the other hand, by
using TX100 as the stabilizer ( cmc ≅ 0.24 mM in water), a slower sedimentation
occurred with surfactant concentrations above 20 mM, mainly due to the viscosity effects
of the suspension medium. Moreover, unlike the particles in aqueous SDS solutions, no
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apparent depletion-induced flocculation was observed in the TX100 solutions with the
concentrations up to 250 mM. The micelle-induced depletion, however, was masked by
the viscosity effects. On the basis of these two studies, we can conclude that single-chain
surfactants have limits for stabilizing high-density particles against sedimentation, even
though the particles are stable against agglomeration (both coagulation and flocculation).
Other types of stabilizers are, therefore, needed for providing a different stabilization
mechanism.
By contrast, when the double-chain surfactant DDAB was used as the stabilizer, the
particles remained suspended for at least 18 months at the surfactant concentration of 2
wt% (43.3 mM). At this concentration, the vesicles formed a tightly close-packed
structure with a volume fraction over 0.7, as evidenced by cryo-TEM (cryo-transmission
electron microscopy) images. Thus, the particles were trapped in such close-packed
structures. Several independent lines of evidence, including dynamic light scattering, zeta
potential measurements, and viscosity measurements, support the inference. The highly
shear-thinning DDAB dispersions have viscosities of 104 to 106 mPa ∙ s at low shear
stresses from 0.002 to 0.02 Pa, and viscosities of 10 mPa ∙ s at high shear stresses, from
5 to 10 Pa. In such suspension media, the titania particles respond to the low-shear-stress
viscosities, which are responsible for the very small, if any, sedimentation rates.
Nonetheless, the flowability of the bulk titania suspensions is still quite suitable for the
ink-jet printing applications, because of their low high-shear-stress viscosities (Yang et al.
Langmuir, 2015; PCT international patent application, 2016).
To elucidate the key factors of this vesicular stabilization mechanism, we have used
Brownian dynamics simulations (BDS). BDS were done for binary mixtures of high-
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density particles and non-settling particles (light particles), which mimic the behaviors of
“rigid” vesicles. The key factor in these mechanisms is confirmed to be the volume
fraction of the light particles 𝜙2 , as would be expected. As 𝜙2 exceeds a threshold of
about 0.3 to 0.5, depending on the sizes of the light particles, the high-density particles
can remain suspended indefinitely. The simulation results indicate, consistently with the
experimental data, that a general method for long-term stabilization against sedimentation
of the high-density particles can be provided by the dispersions of the light particles,
which do not impede significantly the flow of the bulk suspensions.
As mentioned earlier, the particles will settle faster if they agglomerate when settling.
To investigate the effects of agglomeration on the sedimentation times, we have
developed novel models to predict the measured (or net) sedimentation time 𝑡s , which is
a characteristic time used in this thesis for quantifying the extent of the stability against
sedimentation. In our models, to a first approximation, the processes of sedimentation
and agglomeration are assumed to be decoupled and to occur sequentially, with
agglomeration followed by sedimentation. The key idea of the models is to predict the
agglomeration time, 𝑡a𝑛 , for forming a cluster with n primary particles (or monomers)
and compare it to the intrinsic sedimentation time of that cluster, 𝑡s𝑛 , obtained from the
Stokes law. As the particles agglomerate or as 𝑛 increases, 𝑡a𝑛 , increases and 𝑡s𝑛
decreases. When 𝑡a𝑛 , and 𝑡s𝑛 are about equal, which should occur for some cluster size
𝑛 = 𝑛∗ , both the agglomeration and the sedimentation rates are important, and the net
sedimentation time is predicted to be roughly equal to 𝑡a𝑛∗ or 𝑡s𝑛∗ .
The models are evaluated with the initially monodisperse silica suspensions (Yang et
al. Langmuir, 2016). By adding an electrolyte, NaBr, into the stable suspensions, the
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agglomeration rate increases and depends on the NaBr concentration, cNaBr . The model
predictions are consistent, qualitatively and semi-quantitatively, with the data of the
sedimentation half-times. The models can also be used in predicting the sizes and the
densities of the clusters, and in predicting the Fuchs-Smoluchowski stability ratios by
fitting the models to the experimental data.

1

1. INTRODUCTION

1.1

What are “colloidal dispersions?”

The establishment of colloid science as a scientific discipline can be traced back to
mid-nineteenth century, although many colloidal phenomena have been known for
thousands of years. In 1845, Selmi studied certain colloidal systems systematically for the
first time and recognized the differences between “true” or molecular solutions and
colloidal systems, which can be true solutions (lyophilic colloid), though complex, or two
phase dispersions or suspensions (lyophobic colloid).1 He investigated lyophobic
suspensions of silver chloride, sulphur, and Prussian blue in water, referring to them as
“pseudosolutions,” and reported no temperature changes when these pseudosolutions
were prepared. More systematic studies were done by Graham, who reported in 1861
large quantitative differences in the diffusivities of true solutions and Selmi’s
pseudosolutions.1 He coined the term “colloid”, which is originally derived from a Greek
word – “κολλα” meaning “glue-like,” to describe a pseudosolution and to emphasize
their low diffusion rate and the lack of crystallinity. Because of the low diffusivity, the
size of colloids should be fairly large compared to the molecules, at least 1 nm; on the
other hand, the sizes should have an upper limit of about 1 μm to account for the failure
of the particles to sediment under the effect of gravity. Wolfgang Ostwald created the
term “colloid science” in 1929, and stated that a colloidal dispersion is any dispersed
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system consisting of a homogeneous medium (continuous phase) and dispersed particles
(discontinuous phase). The medium and the particles can be either solid, liquid, or
gaseous.1
In recent times, colloids are typically defined with a diameter ranging from 1 nm to
1000 nm; in such a “colloidal” size range, the particles are presumed to have a substantial
Brownian motion to overcome the effects of gravity, and then remain suspended
indefinitely. Stable colloidal dispersions occur in various industrial products, such as inks,
paints, cosmetics, detergents, foods, pharmaceutical, and drug delivery systems.
The colloidal particles can be unstable against agglomeration. As the particles collide
and agglomerate, particle clusters or agglomerates may form with larger diameters. Once
their diameters exceed the limit of the colloidal size range, their Brownian motion may be
no longer substantial enough to prevent them from settling or creaming (moving upward).
Then the dispersions become unstable against agglomeration. Yet, dense particles, or
particles with a high density, even with diameters in the typical colloidal size range may
settle without any agglomeration, as shown in this thesis. The settling and creaming
processes are involved in many practical applications, such as separations of
macromolecules or industrial wastes, industrial filtration, harvesting microalgae for bulk
biomass production, and the isolation of cells from blood.
The agglomeration processes include an irreversible process, “coagulation,” or a
possibly reversible process, “flocculation.”

The mechanisms that lead to particle

agglomeration include (1) Brownian motion (perikinetic agglomeration), (2) fluid flow
(orthokinetic agglomeration), and (3) differential settling.2 For the perikinetic mechanism,
agglomeration is induced by the random movements or Brownian motion of the colloidal
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particles. When some form of flow, either by stirring or by shearing, is imposed to a
dispersion, the rate of interparticle collisions will increase, resulting in some orthokinetic
agglomeration. In differential settling, particles of different diameters settle with different
velocities, causing the faster moving particles to collide with the slower moving particles,
leading to agglomeration. Particle sedimentation occurs due to gravitational forces, which
depend on the particle mass and the density of dispersion medium, and their
agglomeration can lead to a faster sedimentation, as mentioned earlier. These two
phenomena, agglomeration and sedimentation, are usually coupled. One can affect the
other strongly. Nonetheless, because of the difficulties in accounting for or modeling this
coupling, in most studies, it is often assumed for convenience that the two phenomena
occur independently.

Figure 1.1 Schematic showing several phenomena that lead to the destabilization of
colloidal dispersions.
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A schematic diagram of several phenomena that lead to the destabilization of
colloidal dispersions and the most common mechanisms for particle agglomeration or for
particle sedimentation is shown in Figure 1.1. The focuses of the present thesis are
primarily on colloidal particle sedimentation coupled with perikinetic agglomeration and
on the stabilization mechanism of the colloidal particles against sedimentation.

1.2

Interparticle interactions of colloidal particles in dispersions

The interparticle potential energies are mainly responsible for the structure and the
dynamics of colloidal dispersions. Dispersions of particles with purely attractive
interactions, or purely repulsive interactions, or both attractive and repulsive interactions,
have different properties. For all three agglomeration mechanisms mentioned earlier, the
particle agglomeration is essentially caused by the attractive van der Waals (vdW)
interactions. The interaction is described quantitatively by an equation which includes the
Hamaker constant and certain geometric factors.3-4 Between two identical spheres, the
vdW attractive potential energy ΦvdW is given by4
𝐴

𝑑2

𝑑2

ℎ2 +2𝑑ℎ

ΦvdW = − 6 {2ℎ+4𝑑ℎ + 2(𝑑+ℎ)2 + ln ⌈ (𝑑+ℎ)2 ⌉}

(1-1)

where 𝐴 is the Hamaker constant for the pair of the particles, 𝑑 is the diameter of the
particles, and ℎ is the separation distance between the two particle surfaces. As for two
vdw
non-identical spheres, the vdW attractive potential energy Φ𝑖𝑗
between particles i and j

with diameters 𝑑𝑖 and 𝑑𝑗 respectively is4
vdw
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where 𝐴𝑖𝑗 is the Hamaker constant for particles i and j and 𝑟𝑖𝑗 is the center-to-center
distance between the particles. As 𝑑1 = 𝑑2 , Equation (1-2) reduces to Eq. (1-1). Further,
the Hamaker constant is, usually, calculated from the quantum electrodynamic Lifshitz
theory or from a computational method such as time-dependent density functional
theory.5-9 Alternatively, it can be measured experimentally with a surface force apparatus
or atomic force microscopy.5, 10-12
For many applications, it is desirable to prevent particle agglomeration or to delay it
substantially for weeks and months. This can be achieved only if there are some repulsive
forces among the particles that are strong enough to counteract and exceed the attractive
forces. The typical repulsive interactions associated with colloidal particles include the
electrostatic double layer potential and the steric potential. Other forces such as the
structural solvation forces are less important.
In the electrostatic stabilization mechanism, the surfaces of the colloidal particles are
charged by having some ionic groups physically adsorbed or chemically attached to the
surfaces, and give rise to strong repulsive forces. In an electrolyte solution, the surface
charges affect the ion distribution around the particle, and an electric double layer
develops. The overlapping of the electric double layers around two charged particles
leads to mutual repulsion and therefore improves the stability. For a symmetric z: z
electrolyte with a concentration 𝑐e , for which the ionic strength 𝐼 is equal to 𝑧𝑐e , the
electrostatic repulsive potential energy between two identical particles is given by4
Φel = 32𝜋𝑘B 𝑇𝑛𝑏 𝑑𝑌02 𝜅 −2 exp(−𝜅ℎ)

(1-3)
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where 𝑛𝑏 is the bulk molecular electrolyte concentration (𝑛𝑏 = 𝑐e 𝑁A ), 𝜅 −1 is the Debye
|𝑦0 |

|𝑦0 |

2

2

length √𝑅𝑇𝜀0 𝜀𝑟 ⁄2𝐹 2 𝐼 , and 𝑌0 is defined as (exp (

) − 1)⁄(exp (

) + 1), where 𝑁A

is Avogadro’s number, 𝜀0 is the permittivity of vacuum, 𝜀r is the dielectric constant of the
medium, 𝑐𝑖 is the bulk concentration of ion 𝑖, 𝑧𝑖 is the charge of ion 𝑖, 𝑅 is the ideal gas
constant, 𝑇 is the temperature, 𝐹 is Faraday’s constant, and 𝑦0 is the dimensionless
surface potential 𝐹𝜓0 ⁄𝑅𝑇 . As for two non-identical spherical particles i and j, the
el
electrostatic repulsive potential energy Φ𝑖𝑗
is expressed by Eq. (1-4) under the condition

of constant surface potential according to the Hogg-Healy-Fuerstenau (HHF) equation.
el
Φ𝑖𝑗
( 𝑑𝑖 , 𝑑𝑖 , 𝑟𝑖𝑗 , 𝜓𝑖 , 𝜓𝑗 , 𝐼)

= 𝜋𝜖0 𝜖𝑟

(1-4)

𝑑𝑖 𝑑𝑗
2𝜓𝑖 𝜓𝑗
1 + 𝑒 −𝜅ℎ𝑖𝑗
−2𝜅ℎ𝑖𝑗
(𝜓𝑖2 + 𝜓𝑗2 ) × [ 2
ln
(
)]
𝜅ℎ𝑖𝑗 ) + ln(1 − 𝑒
−
2(𝑑𝑖 + 𝑑𝑗 )
𝜓𝑖 + 𝜓𝑗2
1−𝑒
1

where 𝜓𝑖 and 𝜓𝑗 is the surface potentials of particles i and j, ℎ𝑖𝑗 = 𝑟𝑖𝑗 − 2 (𝑑𝑖 + 𝑑𝑗 ) is the
surface-to-surface separation distance.
The electrostatic stabilization can be easily achieved by chemical attachment of
charged groups. However, it is sensitive to the pH or the ionic strength of the dispersion
media. The surface charge density and the double-layer repulsive interaction may be
affected strongly by the pH or the solution ionic strength. Moreover, this method only
works if the dispersion medium is polar and allows the dissolved electrolyte to dissociate.
It becomes less effective in non-aqueous media, where due to their low dielectric
constants there is little ionic dissociation. Nonetheless, it is still the most commonly used
method for stabilizing colloidal particles in aqueous media due to its simplicity and low
cost. A general theory, called the “DLVO” theory (Derjaguin, Landau, Verwey, and
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Overbeek), is widely used to explain qualitative and certain quantitative features of the
dispersion stability in the cases of electrostatic stabilization. The DLVO potential energy,
DLVO
ΦDLVO or Φ𝑖𝑗
, is the sum of the attractive van der Waals potential energy, ΦvdW or
vdW
el
Φ𝑖𝑗
, and the repulsive electrostatic double layer potential energy, Φel or Φ𝑖𝑗
.
DLVO
vdW
el
ΦDLVO = ΦvdW + Φel or Φ𝑖𝑗
= Φ𝑖𝑗
+ Φ𝑖𝑗

(1-5)

In the steric stabilization mechanism, small molecules such as surfactants or
polymers, adsorb at the particle surfaces giving rise to non-electrostatic repulsive forces.
13-15

This method has several distinct advantages over electrostatic stabilization. First, it

can be used effectively not only in polar dispersion media but in non-aqueous dispersion
media. In addition, the strength of the steric interactions is relatively insensitive to the
presence of electrolytes. Furthermore, it can also be used to stabilize the concentrated
colloidal dispersions.
Many other types of interactions can be involved for explaining experimental data
for agglomeration in many cases.2 A general heading of “structural forces” was used
initially to describe these various interactions. In aqueous dispersions, hydration of ions
at the particle surfaces usually contributes an extra repulsion mechanism, called
“hydration effects.” Hydrophobic effects can be also important, since they may yield an
extra attraction between the particles. If there are polymers adsorbed on the particle
surfaces, an attractive interaction may be resulted from bridging of these adsorbed
polymers at close particle separation distances.
The collective dynamics of the system may yield other interactions, such as depletion
interactions. These interactions were first modeled by Asakura and Oosawa for
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uncharged hard-sphere particles with low concentrations and uncharged depletants.16 As
the large particles get closer, the separation distance between them decreases. Once the
surface-to-surface separation distance goes below the depletant diameter, the depletants
are excluded from the inner region between the particles, resulting in an osmotic pressure
difference between the bulk dispersion of depletants and the inner region. This osmotic
pressure difference generates a net attractive force between the large particles. In general,
the depletants can include small particles, polymers, polyelectrolytes, and micelles.
The depletion potential ( Φdep ) between two uncharged spherical particles with
uncharged depletants is given by 16-17
∞
Φdep =

−
{

ℎ<0

𝜋(𝑎−ℎ)2
6

3𝑑

ℎ

( 2 + 𝑎 + 2) 𝜌∞ 𝑘B 𝑇

0

0<ℎ<𝑎

(1-6)

ℎ>𝑎

where 𝜌∞ is the depletant bulk number density. For dispersions of charged colloidal
particles and with charged depletants (soft spheres), the depletion interactions are found
to be much stronger than the ones for uncharged systems.13,

17-21

Jodar-Reyes et al.

reported strong depletion interactions between polystyrene microspheres in sodium
dodecylbenzenesulfonate (NaDBS) and domiphen bromide (DB) micellar solutions.22
Zaccone et al. reported the depletion effects of potassium stearate (KS) micelles on
styrene-acrylate copolymer particles agglomeration.23 Both groups used static light
scattering for measuring agglomeration rates, and reported Fuchs-Smoluchowski stability
ratios W. Tardani et al. showed that single-walled carbon nanotubes were destabilized
when the volume fraction of micellar aggregates (SDS micelles or SDS/TX100 mixed
micelles) reached a certain threshold.24
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In addition to the thermodynamic interactions, solvent-mediated interactions, or
hydrodynamic interactions, can also affect the kinetics of agglomeration. In several
experimental and theoretical approaches, these effects are neglected for simplicity. It is,
however, important for non-equilibrium dispersions, like a sheared dispersion in which
the resulting flow profiles affect the microstructure of the particles as well as the
properties of the dispersion.

1.3

Sedimentation of colloidal particles in dispersions

In the absence of particle (or droplet) agglomeration (or coalescence), the settling
velocity (or creaming velocity), 𝑣sed , of particles of diameter 𝑑, or clusters of equivalent
hydrodynamic diameter 𝑑 in a liquid medium or a continuum phase of viscosity 𝜂 is
given by Stokes law, if the effects of Brownian motion or particle diffusion are
neglected,4
𝑣sed = 𝑑 2 Δ𝜌𝑔/18𝜂

(1-7)

where Δ𝜌 is the density difference between the particle (or cluster) and the dispersion
medium and g is the acceleration due to gravity. Mason and Weaver 25-26 reported the first
treatment to account for the effects of Brownian motion on the sedimentation of colloidal
particles. To compare the relative importance of Brownian motion and gravitational
effects, on the basis of this classical model, one can define the gravitational Peclet
number, 𝑃𝑒g , as the ratio of the sedimentation flux, 𝑣sed 𝑐, to the macroscopic diffusion
flux, 𝐷𝑐⁄𝐿, over the scale L of the sample.25, 27
𝑃𝑒g ≡

𝑣sed 𝑐
𝐷𝑐 ⁄𝐿

= 𝜋𝑑3 ∆𝜌𝑔𝐿⁄6𝑘B 𝑇

(1-8)
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where 𝑐 is the particle concentration in the dispersion, 𝐿 is the initial height of the fluid
dispersion, D (= 𝑘B 𝑇/3𝜋𝑑𝜂) is the diffusion coefficient from the Stokes-Einstein
equation, 𝑘B is the Boltzmann constant, and T is the absolute temperature. For 𝑃𝑒g ≤ 1,
diffusion dominates sedimentation, and the colloidal particles do not settle at all (or at
least by negligible amounts.) In such cases, the colloidal dispersions remain stable against
sedimentation indefinitely. For 𝑃𝑒g -values ranging from 1 to 10, the colloidal particles
might not settle out completely, but reach a “sedimentation-diffusion equilibrium” owing
to the effects of diffusion. Moreover, in such cases, the diffusion slows down the
sedimentation process. By contrast, for 𝑃𝑒g ≫ 1, sedimentation dominates the processes
and diffusion is not important. Furthermore, the settling rates or times predicted form the
Mason-Weaver theory are the same as the ones calculated from the Stokes law.
Many groups have studied experimentally and theoretically the sedimentation
dynamics of colloidal particles and their equilibrium profiles, in the absence of
agglomeration. The sedimentation-diffusion profile of charged colloidal particles was
reported to be strongly inflated compared to non-charged colloidal particles due to a
macroscopic electric field.28-29 Royall et al. investigated the non-equilibrium
sedimentation of sterically stabilized PMMA particles with diameters of 2.8 or 3.5 μm by
using laser scanning confocal microscopy and presented the first measurements on the
“single-particle” level of sedimentation in model colloidal dispersions.30 Then, they used
the same method to track the coordinates of the colloids and obtained the particle density
profile and pair distribution function to compare with Brownian dynamic simulation
(BDS) results.31 Nusser et al. examined the sedimentation of DLVO-type colloidal
particles at steady state by using Brownian dynamic simulation for mono- and bidisperse
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systems at two different densities, and reported a phase separation in the bidisperse
models.32
To prevent the dispersed particles from settling, the colloidal dispersions should have
relative low values of 𝑃𝑒g , according to the Mason-Weaver theory. To achieve a low
value of 𝑃𝑒g , one may have to reduce the particle size or the density difference between
the particle and the dispersion medium. The latter approach can be accomplished by
using hollow particles, or by attaching a polymer or a surfactant to the particle surfaces.
Even though these approaches may succeed in slowing down the sedimentation, they still
may not provide solutions for practical applications. For example, using very small
particles may yield inks of poor optical quality, or encapsulated drugs with too large of a
dissolution rate. Moreover, good dispersibility of such small particles is hard to achieve,
as they tend to stick together in powders, forming hard-to-break agglomerates. Reducing
the density difference may change the overall color density of the inks or paints products,
or affect negatively the mechanical strength of particles. Another way for achieving low
𝑃𝑒g values is by increasing the viscosity of the dispersion medium by 103-106 times, or
by generating a gel-like material. Such high viscosities may slow down significantly the
bulk flow of the dispersion, and they are, however, detrimental to many of their
applications. One of the focuses of the present thesis is on the stabilization mechanism
against sedimentation of dense (high-density) particles.

1.4

Brownian dynamics simulations of colloidal dispersions

Colloidal dispersions have been studied widely with various computer simulation
methods, including the Monte Carlo method (MC), molecular dynamics method (MD),
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and Brownian dynamics method (BD). These methods allow one to avoid certain
complications encountered in experimental investigations while studying several aspects
of the structure and dynamics of colloidal dispersions. The MC method is easy to
implement, but only provides predictions of the equilibrium properties of the system. By
contrast, the MD method is more complex, but allows one to simulate the colloidal
dispersions at non-equilibrium states. The simulation results from this method are
presumed to be accurate, since no simplifying assumptions are made in the formulation of
this method. On the other hand, one can only obtain an “approximate” description of
more general equations, such as the Langevin equation of motion, from the BD method.
However, the BD method has advantages over the MD method. It separates the two
timescales, and is much less time-consuming.
In colloidal dispersions, the characteristic timescales for the motion of the “solute”
particles and the “solvent” molecules can differ by several orders of magnitude. For such
systems, very short time intervals are required for the MD method to accurately describe
the rapid motion of the solvent molecules. By contrast, the rapid motion of the solvent
molecules is not explicitly accounted in the BD method. Therefore, the BD method is
quite useful for studying the structure and dynamics of the colloidal dispersions with
moderate computational times.
In a BD simulation, the motion of a colloidal particle is described by the Langevin
equation
d𝒗

𝑚 d𝑡 = 𝑭 − 𝝃 ∙ 𝒗 + 𝑿

(1-9)

where 𝑚 is the mass of the particle, 𝒗 is its velocity vector, 𝑭 is the sum of all external
forces acting on the particle, 𝝃 is the friction tensor and is related to the hydrodynamic
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drag on the particle, and in turn the diffusivity tensor 𝑫 = 𝑘B 𝑇/𝝃, and 𝑿 is a stochastic
force term which is designed to mimic the force due to the Brownian fluctuations, or the
fluctuation force that is felt by the particle and due to the solvent molecules. In these
simulations, the influence of the solvent molecules on the motion of the colloidal
particles is represented by the combination of the random and frictional force terms in Eq.
(1-9).
The trajectory of the motion of the particle, or its position vector 𝒓 , can be
determined by integrating the Langevin equation twice, in a form developed by Ermak
and McCammon.33 For an isotropic fluid, a spherical particle, and with no hydrodynamic
interactions between the particles, the friction tensor 𝝃 is equal to 3 𝜋𝑑𝜂𝜹 , and the
diffusivity tensor 𝑫 is equal to 𝑘B 𝑇𝛅/3𝜋𝑑𝜂, where 𝜹 is the identity tensor. Then, the
trajectory of the particle can be expressed as follows;
𝐷

𝒓(𝑡 + Δ𝑡) = 𝒓(𝑡) + 𝑘

B𝑇

𝑭Δ𝑡 + 𝑯(Δ𝑡)

(1-10)

where Δ𝑡 is the integration time step, and 𝐷 is the diffusion coefficient of the single
particle. The second term on the right hand side is the “drift” term, due to the sum of the
forces acting on the particle. The last term is the contribution of the Brownian
fluctuations, in which 𝑯 is a random Gaussian-distributed vector, and must satisfy
various conditions resulting from the fluctuation-dissipation theorem.34 This theorem
provides the relation between the response of the system to an external perturbation and
the internal fluctuation of the system at thermal equilibrium. Its average value is zero,
〈𝐻𝛼 〉 = 0, and its standard deviation 〈𝐻𝛼2 〉 is 2𝐷Δ𝑡, where 𝛼 represents the x, y, and z
coordinate axes. Equation (1-10) is valid, when the chosen value of Δ𝑡 is at least an order
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of magnitude larger than the particle’s momentum relaxation time, 𝑡B , which is also
called the “Brownian time” of the particle,
𝑡B ≡

𝑑2 𝜌

(1-11)

18𝜂

where 𝜌 is the density of the particle. Moreover, the time step Δ𝑡 should be small enough
so that the force on a particle can be assumed to be nearly constant during each time step.
An in-house code was developed for the BD simulations for studying dynamics of
sedimentation of colloidal particles and the rheological properties of various colloidal
dispersions.

1.5

Thesis goals

As discussed earlier, a primary focus of this thesis is on understanding the
fundamentals of sedimentation kinetics, which is usually coupled with Brownian motion
(or particle diffusion) and with particle agglomeration. This is an old problem with
widespread applications. We have chosen aqueous suspensions of polydisperse titania
particles with relevance to white inks, and aqueous suspensions of monodispese silica
particles as models systems for fundamental studies. The stability of these suspensions
against sedimentation and agglomeration is examined. Another focus area is on the novel
use of close-packed vesicular dispersions for stabilizing dense colloidal particles against
sedimentation, which can occur even without agglomeration, as shown in this thesis and
as published.27 A cationic double-chain surfactant, DDAB, is chosen to prepare the
aqueous vesicular dispersions. The specific goals of this thesis are the following.
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1. Study the effect of Brownian motion on the sedimentation kinetics of colloidal
particles in the absence of particle agglomeration by using the Stokes law and the
classical Mason-Weaver equation for monodisperse spherical suspensions. Develop
a more rigorous model for polydisperse systems based on the classical model to
examine how polydispersity affects the net (or observed) sedimentation times in the
dilute dispersions limit. The classic model and a modified model for polydisperse
systems are examined in Chapter 2.

2. Understand electrostatic stabilization and steric stabilization against particle
agglomeration by using an anionic surfactant, SDS, and a nonionic surfactant,
Triton X-100, adsorbing on the surfaces of titania particles. Determine the
adsorption density of each surfactant on the particles and examine their effects on
improving the stability against agglomeration, and further against sedimentation.
Moreover, investigate the depletion effects induced by high micelle concentration
on the destabilization process. The work on SDS is shown in Chapter 3. The results
for Triton X-100 are presented in Chapter 5.

3. Develop a simple approach to account for the effects of agglomeration on the
sedimentation dynamics of colloidal dispersions and to estimate the net (or
observed) sedimentation times, the cluster sizes, and the densities of the clusters.
Evaluate the accuracy of the models by comparing their predictions to the
experimental results of polydisperse titania suspensions and monodisperse silica
suspensions. The derivations of the models are given in Chapter 4, along with the
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comparisons between the models’ predictions and the results for the monodisperse
silica suspensions. The models are also used to describe and elucidate some data in
the SDS results in Chapter 3 and in the Triton X-100 results in Chapter 5.
4. Propose a novel use of close-packed vesicular dispersions for stabilizing highdensity particles against sedimentation. A double chain cationic surfactant,
didodecyldimethylammonium bromide (DDAB), is used to prepare the aqueous
vesicular dispersions. Evaluate the hypothesis of vesicular stabilization by
examining the improved stability against sedimentation, the microstructures of the
vesicles and of the particles in the vesicular dispersions, the rheology of the
vesicular dispersion, and the mobility of the vesicles. Furthermore, develop the first
set of Brownian dynamics simulations for describing and understanding the key
factors of this stabilization mechanism, and providing additive effects (i.e. effects
of the sizes of the vesicles) not fully covered by available data. The experimental
results on this subject are shown in Chapter 6 and the work on the Brownian
dynamics simulations is presented in Chapter 7.
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2. MODELING OF SEDIMENTATION COUPLED WITH DIFFUSION OF
SPHERICAL PARTICLES

2.1

Abstract

The Stokes law predicts the settling velocity of small spherical particles, while the
classical Mason-Weaver equation describes the sedimentation and diffusion of solute
spherical particles in the absence of agglomeration. Steady-state concentrations and the
time evolution of the particle concentrations were obtained by solving the Mason-Weaver
equation. The relative strength of the gravitational forces and the diffusion forces is given
by the gravitational Peclet number 𝑃𝑒g , Eq. (1-8). For 𝑃𝑒g ≪ 0.2, diffusion dominates
sedimentation. For 0.2 < 𝑃𝑒g < 15, both sedimentation and diffusion are important. For
𝑃𝑒g ≫ 15, sedimentation dominates diffusion. A new criterion of a “colloidal particle” is
presented and compared to the traditional definition of “colloidal” particles. By our
definition, which is based on the gravitational Peclet number, whether a particle is
“colloidal” or not depends not only on its particle size, but also strongly on several other
parameters, including the sample height 𝐿, the density difference between the particles
and the suspension medium 𝛥𝜌 , the absolute temperature 𝑇 , and the gravitational
acceleration 𝑔 as well. For one example, dense particles with Δ𝜌 = 3.2 g/cm3 should
have diameters below 8 nm to be “colloidal,” and to be capable of remaining suspended
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indefinitely. Two characteristic times are defined: (1) the time 𝑡ss for the particles in the
suspension to settle completely to the bottom of the container, or to a maximum
physically possible extent, or to reach the steady state, and (2) the half-time of
sedimentation 𝑡s for particles to settle completely, or essentially 99%, to the bottom half
of the suspension. Both times depend strongly on the 𝑃𝑒g -values. We have also
developed a model to predict the half-time of sedimentation for polydisperse suspensions.
In the model, a discrete size distribution, an approximation to a continuous Gaussian
distribution, and their corresponding weight fractions are used for describing the
polydispersity. The 𝑡s -values are found to be highly affected by the polydispersity, and
mainly controlled by the smaller particles.

2.2

Stokes law and Mason-Weaver equation

This chapter is based on the results published in Yang et al. (2015), and is
reproduced in part with permission from the Elsevier.
For a suspension with monodisperse spherical particles, in the absence of particle
agglomeration, the settling velocity 𝑣sed of particles in the dilute limit region can be
given by Stokes law if the effects of Brownian motion or particle diffusion are
neglected,4
𝑣sed = 𝑑 2 Δ𝜌𝑔/18𝜂

(1-7)

All particles will settle at the bottom of the container at sufficiently long times, since the
effect of particle diffusion is ignored. The maximum particle concentration for closepacking of the layer at the bottom is assumed not to be reached, or is not considered. By
contrast, if Brownian motion or particle diffusion is considered, a mass balance in a one-
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dimensional differential control volume yields the unsteady state sedimentation–diffusion
Mason-Weaver equation. For a spherical particle, the diffusion coefficient, 𝐷, is given by
the Stokes-Einstein equation, 𝐷 = 𝑘B 𝑇/3𝜋𝑑𝜂. Then the Mason-Weaver equation for the
particle concentration c of a suspension with a sample height of 𝐿 becomes
𝜕𝑐
𝜕𝑡

=

1

𝐷 𝜕𝑐

𝜋𝑑 3 ∆𝜌𝑔 𝑘
6

B

𝜕2 𝑐

+ 𝐷 𝜕𝑥 2
𝑇 𝜕𝑥

(2-1)

for 0 ≤ 𝑥 ≤ 𝐿 and 𝑡 > 0 . Since the particles cannot penetrate the boundaries of the
control volume, the boundary conditions at the top and bottom of the container are zero
net flux, or that the net sedimentation flux equals to the diffusion flux, or −𝑣sed 𝑐 −
𝐷 𝜕𝑐 ⁄𝜕𝑥 = 0 at 𝑥 = 0 (at the bottom of the container) and at 𝑥 = 𝐿 (at the top.) The
initial condition is a uniform concentration of 𝑐 = 𝑐0 for 0 ≤ 𝑥 ≤ 𝐿 at 𝑡 = 0 . For
convenience, the dimensionless concentration 𝐶 , the dimensionless length 𝜉 , the
dimensionless time 𝜃, and the gravitational Peclet number, 𝑃𝑒g , are defined as follows.
𝐶 ≡ 𝑐 ⁄𝑐0

0≤𝐶≤1

(2-2)

𝜉 ≡ 𝑥⁄𝐿

0≤𝜉≤1

(2-3)

𝜃 ≡ 𝐷𝑡⁄𝐿2 = 𝑡/𝑡diff

𝜃>0

(2-4)

𝑃𝑒g ≡

𝑣sed 𝑐
𝐷𝑐 ⁄𝐿

= 𝜋𝑑3 ∆𝜌𝑔𝐿⁄6𝑘B 𝑇

(1-8)

Then the dimensionless Mason-Weaver equation, and the dimensionless boundary and
initial conditions are
𝜕𝐶
𝜕𝜃
𝜕𝐶

|
𝜕𝜉 𝜉=0

𝜕𝐶

𝜕𝐶

𝜕2 𝐶

= 𝑃𝑒g 𝜕𝜉 + 𝜕𝜉2

|
𝜕𝜉 𝜉=1

(2-5)

= −𝑃𝑒g 𝐶(0, 𝜃)

(2-6)

= −𝑃𝑒g 𝐶(1, 𝜃)

(2-7)
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(0, 𝜉) = 1

(2-8)

The gravitational Peclet number is proportional to ∆𝜌, 𝐿, and 𝑑 3 , and it is interpreted
as the ratio of the sedimentation rate, or flux, to the diffusion rate, or flux. Equivalently,
it is the ratio of the diffusion time, 𝑡diff , to the sedimentation time, 𝑡sed , or the ratio of the
gravitational potential energy to the thermal energy of the particle, where
𝑡diff ≡ 𝐿2 ⁄𝐷

(2-9)

𝑡sed ≡ 18𝜂𝐿⁄𝑑 2 ∆𝜌𝑔

(2-10)

Some values of 𝑃𝑒g are shown in Figure 2.1 for suspensions with particles of 𝑑 = 0.1
to 400 nm and ∆𝜌 = 1, 2, and 3.2 g/cm3 at 𝑇 = 300 K and 𝐿 = 0.01 m.

Figure 2.1 The gravitational Peclet number 𝑃𝑒g for suspensions with particles of 𝑑 = 0.1
to 400 nm and various values of Δ𝜌, as indicated, at 𝐿 = 0.01 m, and 𝑇 = 300 K.

As the gravitational Peclet number increases, the relative importance of sedimentation
increases. For example, for 𝑃𝑒g = 876, when 𝑑 = 280 nm, ∆𝜌 = 3.2 g/cm3 , 𝐿 = 0.01 m,
and 𝑇 = 300 K, the sedimentation rate is much greater than the diffusion rate. Equations
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(2.5) to (2.8) have an analytical solution, 𝐶(𝜉, 𝜃) , in the form of an infinite series
obtained by using either a Laplace transform or the Sturm-Liouville theory; see Appendix
A for the analytical series solution.35-36 For 𝑃𝑒g > 100, the series solution was found to
exhibit poor convergence at short times. For this reason, the equation was solved
numerically with a finite-difference-type method.

2.3

Particle concentration profile at steady state

At steady state, the dimensionless concentration profile from Eqs. (2-5) to (2-8) is
found to be
𝐶(𝜉) = 𝑃𝑒g (e−𝑃𝑒g𝜉 )/(1 − e−𝑃𝑒g )

(2-11)

Sample calculations are shown in Figure 2.2. For 𝑃𝑒g = 0.01, the dimensionless
concentration 𝐶 is everywhere close to 1; gravity has little or no effect on the
concentration profile. If the particles do not coagulate to result in a higher value of 𝑃𝑒g ,
they should remain suspended indefinitely. For 𝑃𝑒g = 1 or 3, the concentrations at the top
(𝜉 = 1) are 0.58 or 0.16; at the bottom (𝜉 = 0), they are 1.6 or 3.2. For such 𝑃𝑒g -values,
the profiles are affected by diffusion. When 𝑃𝑒g ≥ 5, e−𝑃𝑒g ≪ 1 and 𝐶(𝜉 = 0) ≅ 𝑃𝑒g . In
such cases, the particle concentration at the top drops to almost zero, indicating that most
particles would sediment to the lower-half of the suspension when the steady state is
reached. For 𝑃𝑒g ≥ 20, the concentration at the bottom may become quite high,
depending on the initial volume fraction, and may exceed the “loose-packed” or “closepacked” concentrations, which are not considered here.
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(a)

(b)

Figure 2.2 Dimensionless particle concentration profiles at steady state with various
gravitational Peclet numbers 𝑃𝑒g , as indicated.

The traditional definition of “colloidal particles” refers to particles with diameter
between 1 nm and 1000 nm. In this region, the particles are presumed that they tend to
be dispersed indefinitely, since their mobility owing to their Brownian motion can
overcome the gravitational force. However, if particles, such as titania, have high
densities, their Brownian mobility is not enough to prevent them from settling in a lowviscosity suspension. Hence, a new general definition of colloidal particles is proposed as
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follows. The colloidal suspension is one with a concentration profile at steady state
deviating at most 1% from the initial uniform concentration. The values of 𝑃𝑒g for such
suspensions are smaller than 0.02. The maximum size of colloidal particles (𝑑max ) is then
defined at 𝑃𝑒g ≤ 0.02, and depends on the height of the suspension, 𝐿 , the density
difference between the particles and the suspension medium, Δ𝜌, the temperature, T, and
the gravitational acceleration, g, as well. For example, for Δ𝜌 = 3.2 g/cm3, 0.5 g/cm3, and
0.05 g/cm3, and for 𝐿 =0.01 m, the values of 𝑑max are 8 nm, 15 nm, and 32 nm. The sizes
of colloidal particles from our new definition can be quite different from those with the
traditional definition. This new definition allows one to predict the sizes of the particles
which can remain suspended indefinitely.

2.4

Time evolution of particle concentration and the time to reach steady state

The dimensionless Mason-Weaver equation was solved numerically with an in-house
code, and the concentration profiles at various times were obtained. The root mean square
of the difference between the steady state and the unsteady state concentration at various
times was also calculated, for determining how far the concentration is from its steady
state values. Here, for simplicity, we determine that the steady state is reached when the
root mean square, or “precision,” is 5%. The time evolution of the concentration profiles
for 𝑃𝑒g = 1 and 𝑃𝑒g = 100 is shown in Figure 2.3. For 𝑃𝑒g = 1, at 𝜃 = 0.04, the
concentration deviates from 1.0, which is the initial concentration, and decreases to about
0.8 at the top (𝜉 = 1), while increasing to about 1.2 at the bottom (𝜉 = 0). At longer
times, the concentration profile keeps deviating from the initial concentration profile and

24
reaches a steady state at 𝜃 = 0.17. For 𝑃𝑒g = 100, the concentration profile reaches a
steady state at 𝜃 = 0.012, which is much smaller than the one for 𝑃𝑒g = 1.

(a)

(b)

Figure 2.3 Time evolution of the dimensionless concentration profile for (a) 𝑃𝑒g = 1 and
(b) 𝑃𝑒g = 100.

The time for the system to reach steady state, 𝜃ss or 𝑡ss , is calculated for various 𝑃𝑒g values. For better illustrating whether the process to reach steady state is dominated by
sedimentation or diffusion, two dimensionless times for reaching steady state were

25
calculated with either t diff or t sed used as the reference time: 𝜃ss1 ≡ 𝑡ss /𝑡diff and
𝜃ss2 ≡ 𝑡ss /𝑡sed ; 𝜃ss1 is defined, as mentioned earlier, as the time when the precision is
5%; 𝜃ss2 is then calculated from 𝜃ss1 by replacing 𝑡diff with 𝑡sed as the reference time.
For 𝑃𝑒g << 1, where diffusion dominates sedimentation, the particles should move little
around their original positions, and remain suspended. The final concentration profile is
about the same as the one at the initial state; both 𝜃ss1 and 𝜃ss2 are close to 0; see Figure
2.4(a). For 0.2 < 𝑃𝑒g < 5, even though diffusion is more important than sedimentation,
the gravity still has some effect. Thus, the final concentrations differ from the initial ones,
and the particles do settle out a little but never completely. For 𝑃𝑒g > 5, 𝜃ss2 is larger
than 1; diffusion slows down sedimentation. With increasing 𝑃𝑒g over 15, 𝜃ss2 gradually
approaches 1, while 𝜃ss1 approaches a limit of zero; hence, the importance of
sedimentation increases. For 𝑃𝑒g >> 15, sedimentation dominates the process, and
diffusion has an insignificant effect. From Figure 2.4(a), one can estimate the value of 𝑡ss
for given values of 𝑑, ∆𝜌, 𝑇, and 𝐿. Sample calculations of 𝑡ss for 𝑇 = 300 K and 𝐿 =
0.05 m are shown in Figure 2.4(b). For 𝑑 < 10 nm and ∆𝜌 =0.5, 1.0, and 3.2 g/cm3, the
suspensions have the same concentration profiles at steady state as at the initial state,
indicating that the particles will remain suspended indefinitely. The gravity effect is
counterbalanced by particle diffusion. With increasing particle size, the time to reach
steady state first increases and then drops when d gets to be larger than a threshold of
around 50, 40, and 30 nm for Δ𝜌 = 0.5, 1.0, and 3.2 g/cm3. The non-zero 𝑡ss -values
suggest that the particles would settle. These settling particles yield a different
concentration profile as the initial one. For the particle sizes below the threshold, the
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extent of the increase in 𝑡ss -values shows the extent of deviation of the steady-state
concentration profile from the initial one. The drop of 𝑡ss -values, for particle size above
the threshold, suggests a lower importance of particle diffusion.

(a)

(b)

Figure 2.4 (a) Dimensionless times for the system to reach steady state, where 𝑡ss is
normalized with the diffusion time (𝑡diff ), 𝜃ss1 = 𝑡ss ⁄𝑡diff , or with the sedimentation time
(𝑡sed ), 𝜃ss2 = 𝑡ss ⁄𝑡sed , as a function of the gravitational Peclet number 𝑃𝑒g . (b) Times
for reaching steady state as a function of the particle diameter at 𝑇 = 300 K and 𝐿 = 0.05
m with various values of the density differences, ∆𝜌, as indicated.
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2.5

Half-time of sedimentation for monodisperse particles

In addition to the time to reach steady state, one may be more interested in another
characteristic time which can be measured experimentally. Here, we define a half-time of
sedimentation, which is basically the time for nearly all the particles, or essentially 99%
of them, to settle below the half height of the suspension. In the modeling, the
dimensionless half-time of sedimentation, 𝜃s ≡ 𝑡s /𝑡diff , is defined as the time at which
the amount of the particles remaining in the top half of the suspension (0.5 ≤ 𝜉 ≤ 1) is
less than 1% of the total, or 2% of the particles which were initially in the top half.
Integrating 𝐶(𝜉, 𝜃) over 𝜉, we obtain the amount of the particles in the top half. For
𝑃𝑒g < 9.2, no solution for 𝜃s exists; the particles never settle out completely to the
bottom half. The dependence of 𝜃s on the gravitational Peclet number for 𝑃𝑒g > 9.2 is
shown in Figure 2.5(a). Certain sample calculations of 𝑡s vs 𝑑 are shown in Figure 2.5(b).
For 𝑑 = 100 nm, Δ𝜌 = 3.2 g/cm3, 𝐿 = 0.01 m, and 𝑇 = 300 K, the value of 𝑡s is 71 h
from the Stokes law, and 104 h from the Mason-Weaver equation, indicating in this case
diffusion slows down sedimentation. As d increases, diffusion becomes less important.
For 𝑑 > 200 nm, or 𝑃𝑒g > 319, sedimentation dominates diffusion, and the predictions of
the Stokes law and of the Mason-Weaver equation are essentially the same.
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(a)

(b)

Figure 2.5 (a) Dimensionless half-times of sedimentation (𝜃s ) as a function of the Peclet
number. (b) Half-times of sedimentation estimated from the Stokes law (sedimentation
only) or from the Mason-Weaver equation (sedimentation coupled with diffusion), as a
function of the diameter of the particles with Δ𝜌 = 3.2 g/cm3 for 𝐿 = 0.01 m and 𝑇 = 300
K.

2.6

Half-time of sedimentation for polydisperse suspensions

In a polydisperse suspension, the larger particles sediment faster than those with an
average size, and contribute little to the half-time of sedimentation, which is primarily
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controlled by the smaller particles. Therefore, polydispersity increases the half-time of
sedimentation. We modified the classic Mason-Weaver equation for polydisperse
suspensions to predict their half-times of sedimentation. Particle sizes are assumed to be
normally distributed, with an average diameter of 𝑑̅ and a standard deviation of Δ𝑑, the
95% confidence interval of the particle size is from 𝑑̅ − 2Δ𝑑 to 𝑑̅ + 2Δ𝑑. Thus, five
discrete sizes with the corresponding weight fraction 𝑤p are chosen as an approximation
to a continuous Gaussian distribution: (1) 𝑑̅ − 2Δ𝑑 or 𝑑min with 𝑤p = 0.05, (2) 𝑑̅ – Δ𝑑
with 𝑤p = 0.245, (3) 𝑑̅ with 𝑤p = 0.41, (4) 𝑑̅ + Δ𝑑 with 𝑤p = 0.245, and (5) 𝑑̅ + 2Δ𝑑
with 𝑤p = 0.05, and the diameter of the particles is denoted as 𝑑 = 𝑑̅ + 2Δ𝑑 . We
calculated each concentration profile separately from the Mason-Weaver equation. The
overall concentration profile was then obtained by the superposition of the individual
profiles, on the assumption that sedimentation of each weight fraction of each particle
size is independent of the sedimentation of the other fractions. The time evolution of the
total concentration profile was used to predict the half-time of sedimentation as
mentioned earlier in Section 2.5.
Sample calculations were done for 1 wt% particles with Δ𝜌 = 3.2 g/cm3 at 𝑇 = 300
K and 𝐿 = 0.01 m with various values of 𝑑min and 𝑑̅ ; see Figure 2.6. For 𝑑min = 100 nm,
the half-time of sedimentation for the monodisperse case is 107 h. As 𝑑̅ increases, 𝑡s
decreases and reaches a constant value of 43 h. For 𝑑 = 125 ± 25 nm, 𝑡s = 67 h, which is
affected by the particles with diameters of 100 nm and of 112.5 nm. For 𝑑 =150 ± 50 nm,
𝑡s is equal to 67 h, and is controlled by the particles with diameters of 100 nm and of 125
nm. For 𝑑 =200 ± 100 nm, or 250 ± 150 nm, and beyond, the half-time of sedimentation
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is only controlled by the smallest, 100 nm, particles, and 𝑡s approaches a fixed value.
Similar trends are found for other size distributions with different sizes of the smallest
particles. When the size distribution is narrower, the half-times are influenced not only by
the smallest particles but by the next smaller size. By contrast, for a wide size-distribution
suspension, the smallest particles may exclusively determine the half-times.

Figure 2.6 Half-times of sedimentation of titania suspension in water for 𝐿 = 0.01 m and
𝑇 = 300 K for monodisperse system (■) or polydisperse system (□), with a minimum
particle size, 𝑑min ranging from 100 nm to 300 nm, and an average particle size, 𝑑̅
ranging from 100 to 400 nm.

2.7

Conclusions

The classic Mason-Weaver equation is solved numerically with a uniform initial
concentration profile and compared to the Stokes law to analyze the general
sedimentation behavior with or without the effect of the Brownian motion in the absence
of particle agglomeration. The gravitational Peclet number describes the relative
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importance of the gravitational effect and of the Brownian motion, or the particle
diffusion, for a suspension. We proposed a new general definition for the truly “colloidal”
suspensions, in which, based on the steady state concentration profile from the MasonWeaver equation, the “colloidal” particles can remain suspended indefinitely. Then, the
particle concentration profile at steady state deviates by at most 1% from the initial
concentration profile. For achieving this condition, such suspensions should have a very
small gravitational Peclet number, 𝑃𝑒g , practically below 0.02. The maximum diameter
of 𝑑max of the colloidal particles, depends then on the height of the suspension 𝐿, the
density difference Δ𝜌 between the particles and the suspension medium, the temperature
𝑇, and the gravitational acceleration 𝑔. For one example, for particles with Δ𝜌 = 3.2
g/cm3 at 𝐿 = 0.01 m and 𝑇 = 300 K, the particles should have diameters below 8 nm to
be truly “colloidal”.
For a monodisperse suspension, the dimensionless time 𝜃ss ≡ 𝑡ss /𝑡diff for reaching
steady state is predicted from the time evolution of the concentration profiles obtained
from the Mason-Weaver equation. A general plot of 𝜃ss vs 𝑃𝑒g is presented in Section
2.4. For 𝑃𝑒g ≪ 1, the time for achieving steady state is close to zero, suggesting that the
Brownian motion counterbalances the gravitational effect, and the steady-state profile is
the same as the initial one. For 0.2 < 𝑃𝑒g < 5, both sedimentation and diffusion are
important, and the particles settle out little, but not completely, even at long times. For
𝑃𝑒g >5, sedimentation becomes more important while there is still effect of diffusion,
which slows down the sedimentation. For 𝑃𝑒g ≫ 15, sedimentation dominates the
process, and the Brownian motion is no longer important. From the values of 𝑑, Δ𝜌, 𝐿, 𝑇,
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and 𝑔 and by using the general plot of 𝜃ss vs 𝑃𝑒g , one can predict easily the steady state
time.
A convenient timescale, which can be easily computed for comparing with
experimental data, is defined as the time for nearly all the particles to settle below the
half-height of the suspension. This half-time of sedimentation is denoted as 𝜃s ≡ 𝑡s /𝑡diff .
For a monodisperse suspension, 𝜃s is infinite for 𝑃𝑒g < 9.2, since more than 1% of the
total particles would remain suspended above the half-height. For 𝑃𝑒g > 9.2, the 𝜃s values decrease with increasing 𝑃𝑒g , as expected, since the gravity effect is stronger at
higher Peg -values, yielding faster sedimentation. For an example for particles with 𝑑 >
200 nm and Δ𝜌 = 3.2 g/cm3 at 𝑇 = 300 K, 𝐿 = 0.01 m, and 𝑔 = 9.8 m/s2, the Brownian
motion has no effect on the sedimentation rate, and the prediction from the MasonWeaver equation is in accord with the one from the Stokes law. By contrast, for the same
type of particles at the same conditions but with a smaller particle diameter, below
200 nm , the Brownian motion results in slower sedimentation.

Predictions for

polydisperse suspensions have also been obtained for several discrete size distributions.
The polydispersity of the particles has a strong effect on the half-time of the
sedimentation, since 𝑡s is mainly controlled by the smaller particles.
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3. EFFECT OF SODIUM DODECYLSULFATE MONOMERS AND MICELLES
ON THE STABILITY OF AQUEOUS SUSPENSIONS OF TITANIA
PIGMENT NANOPARTICLES AGAINST AGGLOMERATION AND
SEDIMENTATION

3.1

Abstract

The stability against sedimentation of suspensions of commercial titania (TiO2)
particles (TR52 from Huntsman) in water or in 100 mM aqueous NaCl solution with
sodium dodecylsulfate (SDS) concentrations (𝑐SDS ) of 0 mM, or 0.1-100 mM was studied.
The effective hydrodynamic diameter of the primary particles was 280±100 nm. Such
particles are quite susceptible to settling in water owing to their large density (4.1 g/cm3).
The sedimentation half time, 𝑡s , for most of the particles to sediment by 0.5 cm was
determined. The 𝑡s -values at 25 ℃ ranged from about 1 h, when there was substantial
agglomeration to yield larger particles, to 45 h, when no agglomeration occurred.
Increasing SDS concentration up to the cmc results in increasing surfactant adsorption at
the particle surface, and thus to a more negative surface potential. The average adsorbed
surfactant layer thickness is up to 3.4 nm, indicating a bilayer structure. Particle
agglomeration is impeded by the adsorbed surfactant, and this surfactant layer causes the
particles to be quite stable against coagulation for 𝑐SDS = 0.1 mM to over 200 mM. These
results can be explained by the DLVO theory and the modified Mason-
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Weaver equation (see Section 2.6). At SDS concentrations close to or above the cmc, up
to 60 mM in water or 115 mM in 100 mM NaCl, the nanoparticles sediment most slowly
without any agglomeration. At higher micellar concentration, depletion forces induced by
the SDS micelles are strong, causing fast flocculation, without coagulation. Then,
sedimentation occurs much faster. This phenomenon can be explained quantitatively by
depletion effects caused by the charged micelles with an effective micelle depletant
diameter including about 4 Debye lengths of the charged micelles or particles. A model
of agglomeration of particles to dimers, tetramers, octamers, and higher agglomerates is
used to estimate the agglomeration times and the measured (or net) sedimentation times.
The model can account approximately for the reduced sedimentation times when the rates
of coagulation are fast at SDS concentration below cmc, or when the rates of flocculation
are fast at SDS concentration above 60 mM in water or 115 mM in 100 mM NaCl.

3.2

Introduction

This chapter is based on the results published in Yang et al. (2015), and is
reproduced in part with permission from the Elsevier.
Titania (TiO2) particles are widely used as a white pigment in the ink industry
providing ink layers with good whiteness and opacity (hiding power) because of their
high refractive index, 2.7. Over four million tons of titania are used as paint or ink
pigments worldwide, with annual sales of $16 billion.37 Suspensions of such high density
(4.2 g/cm3) particles are quite susceptible to settling. In one example, titania particles
with diameters of 300 nm are predicted to sediment by 1 cm within 15 hours in water if
there is no agglomeration, and even faster when there is agglomeration. This property is
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detrimental for potential ink applications, since effective inks should remain stable for
weeks with no stirring needed. Although reducing the particle size may alleviate this
problem, inks of smaller particles can have inferior optical properties, such as color
strength, opacity, and transparency.38 Increasing the ink suspension viscosity might help
slow down the sedimentation rate, but may result in worse inkjet performance. Particle
agglomeration can increase the sedimentation rate and affect the performance of the print
heads because of channel or nozzle clogging.39 Producing suspensions that are stable
against both agglomeration and sedimentation with particle sizes from 100 to 500 nm is
crucial for formulating good quality white inks.40-41
Most of the literature studies have focused on ways to stabilize titania particles
against agglomeration by using surfactants or polymers as dispersants.42-52 When a
dispersant adsorbs on the particles surface, it affects the electrostatic interactions and
often introduces additional long-range steric interactions. The DLVO (Derjaguin, Landau,
Verwey, and Overbeek) theory and the Fuchs-Smoluchowski model are widely used to
predict the stability of an aqueous suspension of charged particles.53 Few studies have
addressed the particle settling behavior. Liu et al. investigated the effects of the pH and
the ionic strength on the agglomerate size, zeta potential, and sedimentation rate.52 They
showed that different compositions can result in different agglomeration and
sedimentation behavior. Other authors have shown that particle crystallinity and
morphology have no effect on the dispersion stability. The particle chemical composition
was found to affect the stability by influencing the particle surface charges.54
This chapter aims to elucidate the key factors which affect the stability of titania
particles against both agglomeration and sedimentation, which are often coupled. The
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particles are dispersed in water or in 100 mM NaCl, for examining the effect of the ionic
strength. The major focus is the effect of the concentration of a typical anionic surfactant
dispersant, sodium dodecylsulfate (SDS), both below and above the cmc (critical micelle
concentration). The effects of the solution viscosity and the particle concentration on the
sedimentation rate are also investigated.
In Section 3.4, the sedimentation stability is found to increase with SDS
concentration, 𝑐SDS , up to the cmc, as expected. For cmc < 𝑐SDS < 𝑐 ∗ , in which 𝑐 ∗ is an
experimentally determined concentration, the stability is unaffected by the additional
concentration of the SDS micelles. For 𝑐SDS > 𝑐 ∗ and below the SDS solubility, the
suspension stability against sedimentation becomes worse, varying strongly with an
increase in SDS concentration. This observation is due to strong attractive depletion
interactions caused by a sufficiently high concentration of the SDS micelles. The
agglomeration behavior is probed with dynamic light scattering (DLS). The particle zeta
potentials and the surface densities of adsorbed SDS are determined for assessing the
effect of the electrostatic and steric interactions.
In Section 3.5, the modified model of Mason-Weaver presented in Section 2.6 is
used for estimating the sedimentation rates for spherical particles in the dilute suspension
regime. In Section 3.6, we provide the predicted DLVO potentials and FuchsSmoluchowski stability ratios for aqueous suspensions of titania particles. Then we add
to the DLVO potential the depletion interactions of charged micelles and charged
particles, to provide a semi-quantitative discription of the observed flocculation. In
Section 3.7, we present a new model to predict the sedimentation rates coupled with fast
agglomeration, which here is shown to be flocculation.
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3.3

Experimental details

3.3.1 Materials and characterization
Titania (rutile) powders (TR52) were obtained from Huntsman and used as received.
The titania weight fraction is 0.949. The remainder consists of a surface layer of Al2O3
and some organic material. The refractive index is 2.7, and the density is 4.1 g/cm3. Their
nominal particle diameter is 260 nm.
The dry particles were characterized by scanning electron microscopy with a Sirion
XL-30 field emission gun-scanning electron microscope (FEG–SEM), coupled with a
focused ion beam (FEI). The experiments were done by Dr. J. Dong at the HP Innovation
Labs at Palo Alto, CA. The acceleration voltage was 15 kV, and the photomicrographs
were taken under magnification of 1500X. From the SEM image (see Figure 3.1), we
infer that the titania particles are nonspherical but globular. They have flat edges and
appear to be single-crystalline. Their projected dimensions are quite polydisperse,
ranging from ca 180 to 380 nm. Their average equivalent diameter is about 𝑑TiO2 =
280±100 nm. There are also a few smaller particles with diameter smaller than 50 nm.
The weight fraction of the organic impurities was estimated from thermogravimetric
analysis to be about 0.035. The weight fraction of the inorganic impurities was estimated
by difference to be about 0.016 (see Appendix B). The specific surface area was
determined, with the Brunauer-Emmett-Teller method of thermal desorption of nitrogen,
to be 12.2 m2/g. This value is in fair agreement with the manufacturer-provided value of
11 m2/g. X-ray photoelectron spectra indicated the presence of Ti, O, Al, N, C, and F in
the surface layer (see Appendix B).
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Figure 3.1 SEM image of TR52 titania particles.

When the particles were equilibrated with water at 1 wt%, some ionic impurities
leaked out, increasing the water conductivity from 3 to 42 μS ∙ cm−1. These impurities,
which could be electrolytes or other ionic surface active compounds, were not identified.
It is assumed that they are not important in the particle suspension stability, except at the
lowest concentrations of SDS. If the conductivity were due to NaCl, it would correspond
to a concentration of 0.3 mM. Moreover, the isoelectric point (IEP) was found to be 8.2,
with a fixed ionic strength of 5 mM controlled by adding solutions of HCl, NaOH, and
NaCl.
Ultrapure water was obtained from a Milli-Q water system (from Millipore), which
used distilled water as input. Sodium dodecylsulfate (SDS, CH3 (CH2 )11 OSO3 Na), an
anionic surfactant, was purchased from BDH Chemical Ltd. as a powder. Sodium
chloride was purchased from Sigma-Aldrich. The following chemicals for SDS analysis
with the two-phase titration method were used as received.55 Hyamine 1622
( C27 (H42 )CINO2 ), a cationic surfactant, was purchased from Rohm and Haas Co.
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Sulfuric acid, 98% (H2 SO4 ), and chloroform were purchased from Sigma-Aldrich and
Mallinckrodt, respectively. A stock solution of dimidium bromide-disulfine blue
indicator was purchased from EMD Millipore Corp.

3.3.2

Method for preparing aqueous suspensions

The suspension media were water, or 100 mM NaCl, or SDS aqueous solutions
(from 0.1 to 150 mM), or SDS aqueous solutions (from 0.1 to 200 mM) with 100 mM
NaCl. Suspensions were prepared with a weight fraction of titania particles, 𝑤TiO2 =
0.01 (1 wt%) (volume fraction 𝜙TiO2 = 0.0025) by adding the pigment particles into the
suspension medium. Each suspension was first shaken by hand, then stirred magnetically
for 30 min, and then sonicated for 3 h in a Branson 3510 sonication bath at a frequency
of 40 kHz. All the samples were prepared at room temperature, which was 25±2 ℃.

3.3.3

Apparatus and analysis procedures

3.3.3.1 Visual observations of stability against sedimentation
The stability against sedimentation was monitored visually by measuring the height
ℎ(𝑡) of the moving front of a nearly-clear supernatant top layer against a lower white
suspension, as the particle sedimented. For a standard sample initial height of 1 cm, the
half-time of sedimentation (𝑡s ) was determined at a front height ℎ = 0.5 cm.
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3.3.3.2 Viscosity measurements
The viscosities of several suspension media were measured with a standard CannonFenske viscometer (no. 25), which is suitable for values of 0.5 to 2 cP. The solutions
were assumed to behave as Newtonian fluids. The Reynolds numbers were around 100,
indicating that the flows were laminar.

3.3.3.3 Dynamic light scattering (DLS) and zeta potential measurements
The average hydrodynamic diameter, 𝑑h , of the particles was measured at 25 ℃, at a
wavelength of 659 nm and a scattering angle of 90° with a Brookhaven ZetaPALS
dynamic light scattering instrument, which has a BI-9000 AT digital autocorrelator. The
suspension was first homogenized gently by hand, and then diluted with its respective
suspension medium or with water to a weight fraction of 5×10-6 (0.0005 wt%). The
dilution was needed to avoid excessive light scattering. The zeta potential, 𝜁, of the
titania particles were measured with the same instrument, operation conditions and
preparation method. The zeta potentials of SDS micelles were also measured.

3.3.3.4 Surfactant adsorption studies
The adsorbed densities of SDS on the surfaces of the titania particles at 25 ℃ were
determined as follows. After equilibrating the particles with an SDS solution for at least 2
h, each suspension was centrifuged at around 18,000 g 0 with a Beckman Coulter
Microcentrifuge until there were only a few particles left in the supernatant, as confirmed
visually and with DLS, where g 0 is normal gravity constant (9.8 m/s2). The final SDS
concentration in each supernatant solution was analyzed with the colorimetric two-phase
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(water-chloroform) titration method (TPT) by using a 0.5 mM Hyamine 1622 solution.55
An acidic indicator (4 vol% indicator stock solution, 4 vol% of 2.5 mM H2 SO4 , and 92
vol% H2O) was used. Surface densities were measured only up to 𝑐SDS = 8 mM ≅ cmc,
because of the decreasing sensitivity of the method at higher concentrations.

3.4
3.4.1

Experimental results and discussion

Effect of SDS concentration on half-times of sedimentation

The sedimentation half-times, 𝑡s , were measured for the suspensions with 1 wt%
titania particles as a function of SDS concentration, in water or in 100 mM NaCl solution;
see Figure 3.2. Three regions were identified in both media. In region 1 (R1), for
𝑐SDS < cmc, the half-time increases with increasing SDS concentration from 1 h to 45 h.
In this region, the surfactant plays a major role in slowing down the sedimentation,
probably by stabilizing the particles against agglomeration, which in turn affects the
sedimentation rate; see Section 3.7. This effect is more pronounced at the higher
concentrations. In region 2 (R2), for cmc < 𝑐SDS < 𝑐 ∗ , where 𝑐 ∗ was found to be about
60 mM in water and 115 mM in 100 mM NaCl solution, the value of 𝑡s is nearly constant
at 45 ± 2 h. In this region, the presence of the SDS micelles had no effect on the
sedimentation rate. In region 3 (R3), for 𝑐SDS > 𝑐 ∗ , the half-time of sedimentation drops
dramatically to 1 h, and remains essentially constant as SDS concentration increases
further. Thus the larger concentrations of micelles cause fast sedimentation, probably by
destabilizing the particles against agglomeration. This result is novel and unexpected; see
Section 3.6.
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(a)

(b)

Figure 3.2 Effect of SDS concentration on half-time of sedimentation: (a) in pure water:
region 1 (R1), 0 to 8.2 mM; region 2 (R2), 8.2 to 60 mM; region 3 (R3), above 60 mM;
(b) in 100 mM NaCl solution: region 1, 0 to 1.7 mM; region 2, 1.7 to 115 mM; region 3,
above 115 mM.
3.4.2 Viscosity measurements
The viscosity of the SDS solutions increases with increasing SDS concentration, both
in water and in 100 mm NaCl aqueous solution; see Figure 3.3. For 𝑐SDS < cmc (region
1), the viscosity increases by less than 1% in water or in 100 mM NaCl. Hence, the
observed increase in the sedimentation time is not due to any viscosity effect. In region 2,
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the viscosity increases by up to 10% at 𝑐SDS = 60 mM in water, and by up to 20% at
𝑐SDS = 115 mM in aqueous NaCl solution. In region 3, the viscosity increases up to 60%
at 200 mM SDS in water, or up to 40% at 200 mM in aqueous NaCl solution. This
viscosity increase would imply a corresponding sedimentation time increase, which was
not observed. Hence, the decrease in 𝑡s in region 3 is not due to any viscosity effect. In
region 2, small viscosity effects may be masked by the uncertainty of the data.

Figure 3.3 Viscosity of suspension medium: SDS solution (■); SDS solution with 100
mM NaCl (□); literature data by Miura et al.56 (▲); Einstein’s equation predictions for
SDS (solid line), and for SDS solution with 100 mM NaCl (dashed line).

𝜂

The predictions of the intrinsic viscosity, (𝜂 − 1) /𝜙m , if there are no interparticle
s

interactions, are larger than the value of 2.5 predicted by the Einstein equation for spheres
by a factor of 2 to 4, where 𝜂s is the viscosity of the continuum phase, taken to be the
viscosity at the cmc, and 𝜙m is the volume fraction of the micelle. The discrepancy may
be due in part to the nonspherical micelle shape, or to the micelle charge, which produces
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an electric double layer. This, in turn, may increase the effective diameter 𝑎eff , and the
volume fraction, of the micelles by about twice the Debye length 𝜅 −1 of the micelles. At
the higher ionic strength of 100 mM, the Debye length is smaller. This results in a smaller
𝑎eff value and a smaller intrinsic viscosity.

3.4.3

Surface densities of SDS adsorbed on the titania particles

The average surface densities, 𝛤SDS , in region 1 show the same trends as the halftimes of sedimentation (Figure 3.4a). 𝛤SDS was determined from the initial surfactant
concentration, the final concentration after adsorption equilibrium, and the surface area of
the particles. Some amount of SDS may hydrolyze and then produce dodecanol, which
may also adsorb. The surface density increases from 0.08 to 12 μmol/m2 linearly, and
levels off at 𝑐SDS ≅ cmc, unlike the results by Dick et al. and others,57-58 who observed Sshaped isotherms and inferred hemi-micelle formation. The adsorbed layer stabilizes the
particles against agglomeration via repulsive interactions, either electrostatic, or steric, or
both. We presume that 𝛤SDS remains essentially unchanged at 𝑐SDS > cmc , since the
anionic micelles are not expected to adsorb on the charged particles (see Section 3.4.4).57
If we assume that the surface is covered by a uniform surfactant layer with an
average thickness 𝛿, we can estimate the 𝛿-value from the equation: 𝛿 = 𝛤SDS 𝑀w /𝜌SDS ,
where 𝑀w is the molecular weight of SDS, and 𝜌SDS is its density, estimated to be about
1.0 g/cm3; 𝛿 was found to range from 0.06 nm to 3.34 nm (Figure 3.4b). The film
thickness at 𝑐SDS ≅ cmc indicates that the adsorbed surface layer is probably a bilayer.
This seems plausible if a first monolayer adsorbs with the SDS polar head groups on the

45
surface and a second monolayer may form to prevent the hydrocarbon chains of the first
monolayer from being in contact with water.

(a)

(b)

Figure 3.4 (a) Surface densities of SDS adsorbed on the surfaces of titiania particles and
half-times of sedimentation with various SDS concentrations. (b) Average thickness of
adsorbed surfactant layer on the particles.
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3.4.4

Zeta potentials, surface charge densities, and net surface ion densities

The zeta potentials of titania particles in the SDS solutions were measured, and the
zeta potentials of the SDS micelles with no particles were also measured for reference;
see Figure 3.5. The zeta potential is determined from the measured electrophoretic
mobility (em), which is found from the Doppler velocity of the conducting species. Since
there are also conducting micelles in addition to the charged titania particles in the
suspension studied, some of the signal may come from the micelles. The 𝜁-values for the
micelles alone are quite different and smaller than the ones of the particles in the SDS
solutions. Therefore, the signal for the em in the presence of both particles and micelles
can be presumed to arise primarily from the particles. If the ems were due in part to the
micelles, then the actual zeta potentials of the titania particles would be even larger in
absolute value than those observed. Hence, in our calculations, we can ignore any
contribution from the micelles. In water, the 𝜁-value was about +30 mV, indicating that
the particles were positively charged. Upon addition of SDS, the particles became
negatively charged. For 𝑐SDS = 1.7 mM, the 𝜁-value was about -40 mV. The | 𝜁|-value
increases with increasing 𝑐SDS and levels off at the higher concentrations at about 65 mV.
Such values indicate significant electrostatic repulsive interactions, which can stabilize
the particles against agglomeration.
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Figure 3.5 Effect of SDS concentration on the zeta potential: SDS micelles (○); titania
particles dispersed in SDS solution (●).

To find the surface charge density, 𝜎, we assume that the surface potential, 𝜓0 , is
equal to 𝜁, as is done commonly, and use the integrated Poisson Boltzmann equation for
an planar geometry,4 since the particle surfaces are quite flat; see Figure 3.1.
𝑧 𝐹𝜁

1/2

𝑖
𝜎 = {(2𝜀0 𝜀r 𝑘B 𝑇) ∑𝑖 𝑐𝑖 (exp ( 𝑅𝑇
) − 1)}

(3-1)

where 𝜀0 is the permittivity of vacuum, 𝜀r is the dielectric constant of the medium, here
assumed to be equal to that of water, 78.5, 𝑐𝑖 is the bulk concentration of ion 𝑖, 𝑧𝑖 is the
charge of ion 𝑖, 𝑅 is the ideal gas constant, 𝑇 is the temperature, and 𝐹 is Faraday’s
constant. From the specific surface area, we can calculate the net ion densities 𝛤𝑖
(mol/m2), the areas per ion 𝑎̅ (nm2/ion), and the total particle charges |𝑧|.
At 𝑐SDS =1.7 mM and 3.4 mM, below the cmc, the surface charge densities were 0.0041 and -0.0058 C/m2; the ion densities were 0.043 and 0.061 mol/m2. These ion
densities are only 1% of the SDS surface densities. Hence, at these conditions, only 1%
of the adsorbed SDS molecules are dissociated. The larger percentage of counterion
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binding, 99%, than that of SDS micelles, 70%,59-60 could be due to several reasons.
Adsorbed monolayers on flat titania particle surfaces may have higher surface densities,
than those of curved micelles, which may also be more fluid. Moreover, in a bilayer, the
first monolayer could be neutral and the second one could be charged, by 2%. The area
per ions on the particles is about 30 or 40 nm2. Hence, the assumption of the standard
DLVO theory of a uniform, or “smeared”, charge density is questionable. Nonetheless,
the available charges produced a sufficiently large zeta potential, which leads to
significant electrostatic repulsive potential energies (see Section 3.6). Because of the
presence of both charged and uncharged areas at the particle surfaces, the observed
stability of SDS-covered titania particles against coagulation, or irreversible
agglomeration, may also involve some steric interactions.
Above the cmc, the monomer concentrations, the counterion concentrations, and the
charged micelle concentrations vary with 𝑐SDS , probably because of the change in the
ionic strength. They were estimated based on the ion activity data from Sasaki et al.61 for
an average micelle aggregation number, 𝑛a = 40. The calculated values of |𝜎| and 𝛤𝑖
increase with increasing SDS concentration (Table 3.1), but the variations are small. It
remains unclear whether 𝛤SDS also increases slightly with 𝑐SDS in this region or whether
the counterion binding fraction may vary due to the decreasing sensitivity of the
analytical method used at higher SDS concentrations.
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Table 3.1 Surface charge densities, ion densities, areas per ion on surface, and numbers of
ions per particle for titania particles in SDS solutions for concentrations above the cmc.
𝑐SDS , mM
17
22
35
69
80
90
104

𝜎, C/m2
-0.016
-0.018
-0.024
-0.030
-0.035
-0.039
-0.036

𝜁, mV
-56.6
-61.0
-66.7
-66.7
-70.5
-73.5
-65.7

3.4.5

𝛤𝑖 , μmol/m2
0.16
0.19
0.25
0.32
0.37
0.41
0.37

𝑎̅, nm2/ion
10
8.8
6.8
5.3
4.6
4.1
4.5

𝑧, ions/particle
5.7×104
6.7×104
8.7×104
1.1×105
1.3×105
1.5×105
1.3×105

DLS measurements of particle sizes

DLS measurements were used to assess the dispersibility of the particles (the ability
of the particles to be dispersed with the protocol used) and the suspension stability
against coagulation. The hydrodynamic particle sizes 𝑑h in water, or in 100 mM NaCl, or
in SDS solutions (4 mM, 35 mM, and 105 mM), or in SDS solutions (1.5 mM, 35 mM,
and 200 mM) with 100 mM NaCl were measured, over time. The measurements were
done after mild homogenization and dilution to 0.0005 wt%, owing to the high light
scattering intensity at 1 wt% paritlce concentration. The dilution was first made in water.
To test the effect of the SDS monomers or micelles on the particle agglomeration, the
dilution was also made in the actual suspension medium, with no dilution for surfactant
concentration.
In water, 𝑑h was about 380±180 nm initially. The reported uncertainties represent the
size polydispersity, rather than errors of the averages. This value is larger than the
primary particle size (280 nm), indicating incomplete dispersibility. At 140 h, the
particles underwent some coagulation. With 100 mM NaCl, the dispersibility was worse.
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In SDS solutions without NaCl, the dispersibility was better (see Figure 3.6). At 𝑐SDS =4
mM (in region 1, R1), for both dilution methods, the initial 𝑑h -value was about 380±150
nm, which is larger than the primary particle size, probably because the particles
coagulated during the suspension preparation. The particles sizes remain constant after
140 h, indicating a good stability after the initially fast coagulation. At 𝑐SDS = 35 mM
(R2), 𝑑h was initially close to the primary particle size, indicating a good dispersibility;
𝑑h did not change after 140 h, suggesting good stability against coagulation in this time
scale. At these conditions, the SDS monomers and micelles had no effect on the particle
agglomeration. When the suspension at 𝑐SDS = 105 mM (R3) was diluted in water for the
measurements, 𝑑h was found to be close to the primary particle size, and remained
unchanged over 140 h, suggesting a good stability against coagulation when there were
no SDS micelles present. By contrast, when the suspension was diluted in 105 mM SDS
solution, 𝑑h was higher, 600±250 nm initially, and increased from 600±250 to 800±250
nm at longer times. These results suggest that in region 3 the high SDS micelle
concentration is the cause of the particle agglomeration, which leads to faster
sedimentation. These agglomerates are inferred to be not tightly bound coagulates, but
instead loose flocs, which can be easily broken by gentle shaking. When the sample was
diluted in water and the SDS micelles concentration decreased, the particles no longer
formed flocs. Therefore, the large micelle concentrations, above 𝑐 ∗ , cause flocculation,
which causes the sedimentation rate to increase.
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(a)

(b)

(c)

Figure 3.6 Average hydrodynamic diameters (𝑑h ) of titania particles dispersed in aqueous
SDS solution, vs. time after mild homogenization and dilution to 5 ppm, in water (○) or
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in the respective suspension medium (●): (a) 𝑐SDS = 4 mM (R1); (b) 𝑐SDS = 35 mM (R2);
(c) 𝑐SDS = 105 mM (R3).

The results in 100 mM NaCl were qualitatively similar. The dispersibility and
stability against coagulation improved as cSDS increased. In regions 1 and 2, the same 𝑑h values are obtained for both dilution methods. At 𝑐SDS = 1.5 mM (R1), 𝑑h was about
600±300 nm initially, and increased to 1000±650 nm after 100 h for both dilution
methods; see Figure 3.7. This suggests an improved but still poor dispersibility and an
improved but still poor stability against coagulation. At 𝑐SDS = 35 mM (R2), the particles
were dispersed well; the 𝑑h -values were close to the primary particle size. The particles
underwent some coagulation with 𝑑h ≅ 350±120 nm in 24 h, and then were stable against
agglomeration for 140 h or longer times. In this region, the presence of SDS monomers
and micelles did not yield further particle agglomeration. In region 3, the large flocs were
also observed when the suspension was diluted in its suspension medium.
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(a)

(b)

(c)

Figure 3.7 Average hydrodynamic diameters (𝑑h ) of titania particles dispersed in SDS
solutions with 100 mM NaCl vs. time after mild homogenization and dilution to 5 ppm,
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in water (○) or in the respective suspension medium (●): (a) 𝑐SDS = 1.5 mM(R1); (b)
𝑐SDS = 35 mM (R2); (c) 𝑐SDS = 200 mM (R3).

3.4.6

Additional experiments to test the type of agglomeration

On the basis of the available evidence discussed above, we can conclude that: (i) in
region 1 (R1), the particles are unstable against coagulation; (ii) in region 2 (R2), the
particles are stable against coagulation and flocculation; ( iii ) in region 3 (R3), the
particles are stable against coagulation and unstable against flocculation. We postulate
that the flocculation in R3 is due to attractive depletion forces induced by the high
micelle concentrations. To test this hypothesis experimentally, we made certain SDS
concentration adjustments in some suspensions after the particles had sedimented
completely, we changed the concentration as follows: (a) from 35 mM (R2) to 105 mM
(R3) in water; (b) from 105 mM (R3) to 35 mM (R2) in water; (c) from 50 mM (R2) to
200 mM (R3) in 100 mM NaCl; and (d) from 200 mM (R3) to 50 mM (R2) in 100 mM
NaCl. Then, the particles were re-dispersed by gentle shaking, and the sedimentation half
times were measured again for comparison. At least three experiments were done in each
case to test the reproducibility of the results.
In cases (a) and (c), the half times decreased from ca. 45 h to ca. 1.5 h. Evidently, the
large increase in the micelle concentration caused the particles to form flocs and to
sediment faster. In cases (b) and (d), the half times increased from 1.2 h to ca. 47 h. Thus,
the flocs, which had previously formed, were broken down easily by gentle shaking.
Since the surfactant concentrations were no longer higher than 𝑐 ∗ , the resulting primary
particles did not flocculate again, as expected for region 2. These results support our
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hypothesis that in region 3 the particles form flocs, but form no coagulates. The
postulated depletion forces are expected to increase gradually with increasing micelle
concentration, and are modeled in Section 3.6.

3.5

Particle sizes estimated from the sedimentation-diffusion model

For a polydisperse suspension, the smaller particles control the measured half-time of
sedimentation, since the larger particles settle faster than others. Therefore, polydispersity
might increase the effective, or measured, half-time. We have modified the MasonWeaver equation, which is suitable only for a monodisperse system, to predict the halftime of sedimentation for a polydisperse system in Section 2.6. The average effective
particle size, 𝑑eff , from the measured values of 𝑡s was estimated from this polydiserse
model, and then compared to the DLS data, 𝑑h . For example, for 𝑐SDS = 4 or 35 mM in
water, 𝑑eff = 350±225 or 300±200 nm, in fair agreement with the values of 𝑑h =
380±150 or 295±110 nm. The small discrepancies may be due to having non-spherical
particle shapes and high polydispersity, both of which result in errors in DLS
measurements. For 𝑐SDS =105, 𝑑eff ≅2000 nm, which is higher than 𝑑h = 650±250 nm.
Since the sedimentation method is based on the settling velocity of a cluster and the DLS
data are for cluster diffusion, the discrepancy may be due to the different mechanisms on
which each method is based. Nonetheless, the large values support our hypothesis that in
region 3 the particles agglomerate quite fast, and form large flocs, which sediment
rapidly (see Section 3.7). Similar results were found for suspensions in 100 mM NaCl.
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3.6

Effect of interparticle interactions on agglomeration
3.6.1 Application of the DLVO theory

The DLVO potential energy ΦDLVO is a combination of the van der Waals attractive
potential energy (ΦvdW ) and the electrostatic repulsive potential energy (Φel ). For a
symmetric 1: 1 electrolyte with a concentration 𝑐e , for which the ionic strength 𝐼 is equal
to 𝑐e , ΦDLVO between two identical spheres is,4, 62
DLVO
vdW
el
ΦDLVO = ΦvdW + Φel or Φ𝑖𝑗
= Φ𝑖𝑗
+ Φ𝑖𝑗

(1-5)

𝐴
𝑑2
𝑑2
ℎ2 + 2𝑑ℎ
=− {
+
+ ln ⌈
⌉} + 32𝜋𝑘B 𝑇𝑛𝑏 𝑑𝑌02 𝜅 −2 exp(−𝜅ℎ)
(𝑑 + ℎ)2
6 2ℎ + 4𝑑ℎ 2(𝑑 + ℎ)2
where 𝐴 is the Hamaker constant for the pair of the particles, ℎ is the separation distance
between the two particle surfaces, 𝑛𝑏 is the bulk molecular electrolyte concentration
( 𝑛𝑏 = 𝑐e 𝑁A ), 𝜅 −1 is the Debye length √𝑅𝑇𝜀0 𝜀𝑟 ⁄2𝐹 2 𝐼 , and 𝑌0 is defined as
|𝑦0 |

|𝑦0 |

2

2

(exp (

) − 1)⁄(exp (

) + 1), where 𝑁A is Avogadro’s number, and 𝜀0 , 𝜀𝑟 , 𝑅, 𝐹, 𝑇

have been defined with Eq. (3-1), and 𝑦0 is the dimensionless surface potential 𝐹𝜓0 ⁄𝑅𝑇.
The above equations were used to interpret the data in SDS solutions below the cmc,
where the ions are DS − , with concentration 𝑐1, and Na+ with concentration 𝑐M+ . Above
the cmc, there are charged micelles, with concentration 𝑐n , aggregation number 𝑛a , and
counterion binding fraction 𝛽; here we take 𝑛a = 40 and 𝛽 = 0.57.61 The equation of
solution electroneutrality is
𝑐1 + (1 − 𝛽)𝑛a 𝑐n = 𝑐M+

(3-2)
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The concentrations 𝑐1 and 𝑐M+ vary with the total surfactant concentration; 𝑐1 decreases
and 𝑐M+ increases. Those concentrations can be obtained from ion activity measurements,
as reported by Sasaki et al. 61 Then, the total ionic strength is
1

2

1

𝐼 = 2 ∑ 𝑐𝑖 𝑧𝑖2 = 2 (𝑐1 + 𝑐M+ + 𝑐n ((1 − 𝛽)𝑛a ) )

(3-3)

The effective electrolyte concentration is defined as 𝑐± = √𝑐1 𝑐M+ . Because of the large
micelle charge, (1 − 𝛽)𝑛a , the micelles are repelled strongly by the charged particle
surfaces, and are expected to contribute little to the effective Debye length and the
electrostatic potential energy, as supported by surface force data.63-64 Then the effective
ionic strength is approximated as
1

𝐼 = 2 (𝑐1 + 𝑐M+ )

(3-4)

which is higher than the cmc. These results do not depend on the actual value of 𝑛a ,
which may vary from 40 to 100 with increasing surfactant concentration.
The Fuchs-Smoluchowski stability ratio 𝑊 for coagulation is then calculated from
the DLVO potential energy, and depends on the integral of the interaction potential
energy between two spheres as follows,4
∞ exp(ΦDLVO (ℎ)/𝑘B 𝑇)

𝑊 = 𝑑 ∫0

𝑑
2

(ℎ+ )2

dℎ

(3-5)

From AFM data and Lifshitz theory predictions for rutile titania particles in water, the
Hamaker constant 𝐴 is about (6±2)×10-20 J.5, 11, 65 The values of 𝐴 obtained with other
methods, such as the contact angle method or a yield stress method, are considered less
reliable and will be ignored.10, 66 The above 𝐴 -values are probably an upper bound for the

58
particles used here, because of their aluminum oxide and organic surface layers, which
have lower 𝐴 –values.
For 𝐴 = 6×10-20 J, 𝑑 = 280 nm, and the measured zeta potentials, the values of
Fuchs-Smoluchowski stability ratio were found to be quite high, from 1022 to 1060, at
concentrations within all three regions. If lower 𝐴 -values or higher 𝑑-values were used,
The 𝑊-values would be even higher. Such large 𝑊-values indicate that for 𝑐SDS ≥ 1.7
mM the particles should be stable against coagulation for long times. The observed
moderate rate of coagulation suggests that the DLVO theory may not work well for
particles with flat or rough surfaces,67-69 or when the particles’ charges are quite sparse on
the surface, namely one charge per 9-10 nm2; see Table 3.1. These results also provide a
plausible explanation of why in region 2 the particles sediment without any effect of
agglomeration. However, the small surface charge densities and the presence of sparse
discrete charges on the particle surface (see Section 3.4.4) suggest that the stabilization
mechanism may include some steric contributions, and that assumption in the DLVOtheory of continuous and uniform surface charge densities may not be totally appropriate.
In the absence of other forces, the particles would not agglomerate in region 3, and their
sedimentation behavior would not be expected to differ from their behavior in region 2.
Since it does differ in region 3, the results clearly indicate the existence of other attractive
interactions.

3.6.2

Adding depletion potential interactions to the DLVO theory

When two particles are at a distance of ℎ , which is smaller than the depletant
diameter 𝑎 , the depletants are excluded from the region between the particles. The
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resulting osmotic pressure difference caused by the depletants around the particles yields
an attractive potential energy between the large particles.
The depletion potential ( Φdep ) between two uncharged spherical particles with
uncharged depletants is given by 16-17
∞
Φdep = −
{

ℎ<0

𝜋(𝑎−ℎ)2 3𝑑
6

ℎ

( 2 + 𝑎 + 2) 𝜌∞ 𝑘B 𝑇

0

0<ℎ<𝑎

(1-6)

ℎ>𝑎

where 𝜌∞ is the depletant bulk number density. For charged particles and charged
depletants, the depletion potential energy was found to be much stronger than indicated
by this equation.13, 17-19 Since both the titania particles and the SDS micelles are charged,
the effective depletant diameter should be affected by the Debye length, 𝑎eff = 𝑎micelle +
𝑁𝜅 −1 , where 𝑎micelle is the actual micelle diameter and 𝑁 is an initially undetermined
positive number. When we ignored the Debye length thickness in calculating the micelle
size, the model could not explain the fast flocculation rate. It is clear that the effective
diameter should be larger than the actual micelle diameter. We roughly estimated that the
effective extra thickness of the micelles excluded from the space between two flat or
spherical particles has one Debye length on each side of the micelles and one Debye
length on each of the two surrounding surfaces, for a total of 4𝜅 −1 ; then 𝑁 = 4; see
Figure 3.8. We chose this value for the sample calculations shown in Figure 3.9. The
value of 𝑎eff would also be influenced by micelle or particle hydration and micelle nonspherical shaped micelle.4 These effects are ignored, however, being considered to be less
important than the Debye length effect.
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Figure 3.8 Schematic of the mechanism of how the imbalance of the concentration of
charged SDS micelles between the region outside of the charged particles and the region
between those particles causes a net osmotic force, which pushes the particles toward
each other, generating effectively an attractive force.

Calculations were done for 𝑐SDS = 17 mM to 105 mM, first without including
depletion interactions. The DLVO theory predicts a very high potential barrier Φmax
against coagulation, and a secondary minimum Φmin of about 3 𝑘B 𝑇 for 𝑐SDS = 35 mM
(where 𝐼 = 9.3 mM), or about 8 𝑘B 𝑇 for 𝑐SDS = 105 mM (where 𝐼 = 17 mM). The
secondary minima are shallow and appear at separation distances of 20 or 11 nm,
respectively. Without considering the effect of Debye length, adding the depletion
interactions with 𝑎eff = 𝑎micelle = 3 nm produces a negligible effect on the potentials for
the range of SDS concentration examined. If we use 𝑎eff = 𝑎micelle + 4𝜅 −1, the effect is
still negligible at 𝑐SDS ≤ 35 mM, but becomes quite important at the higher
concentrations of region 3. At 𝑐SDS = 105 mM, the potential energy barrier becomes
smaller, from 58 𝑘B 𝑇 to 18 𝑘B 𝑇, but remains strong enough to prevent coagulation. The
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secondary minimum becomes deeper, about 12 𝑘B 𝑇, and moves to a smaller distance of
6.5 nm. We presume that this deeper secondary minimum is the cause of the fast
flocculation observed.

(a)

(b)

Figure 3.9 Dimensionless potential energy between two spherical particles in a SDS
solution for 𝑑 = 280 nm and 𝐴 = 6×10-20 J: DLVO potentials (solid lines); DLVO
potentials combined with the depletion potentials (dashed lines); (a) 𝑐SDS = 35 mM, 𝐼 =
9.3 mM, 𝑎eff = 15.6 nm. (b) 𝑐SDS = 105 mM, 𝐼 = 17 mM, 𝑎eff = 12.3 nm.
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Therefore, the sedimentation behavior observed in region 3 may indeed be due to fast
flocculation. Then the effective stability ratio against flocculation would be of the order
of 1, even though the stability ratio against coagulation is larger than 105, or even higher.
When we used Marmur’s approach70 to estimate the effect of the secondary minimum on
𝑊 , the effect was small, because Φmin was about 3~12 𝑘B 𝑇 in our cases. In their
approach, only for Φmin ≤3𝑘B 𝑇, the effect is significant. However, from our approach,
the existence of the concentration limit 𝑐 ∗ = 60 mM and of region 3 can be explained if
one assumes the existence of substantial depletion interactions. The assumption that the
double layer increases the effective particle sizes is also quite plausible. Adding 100 mM
NaCl causes a decrease in 𝜅 −1 , and hence in 𝑎eff , if 𝑎micelle remain the same. Then a
higher 𝑐 ∗ -value is needed to trigger the substantial depletion effect, in region 3, as
observed.

3.7

Effect of agglomeration on sedimentation

In region 3, the particles flocculate to form large agglomerates, which sediment
within 1 to 2 h. Here, we provide analytical estimates of the agglomeration times, 𝑡a𝑛 , to
help predict, for the first time, the sedimentation half times in the presence of significant
agglomeration rates. We considered two cases: (a) an initially monodisperse system of
hard spheres with diameter 𝑑1 = 280 nm and a particle volume fraction, 𝜙1 = 0.002, and
(b) an initially monodisperse system of 𝑑1 = 100 nm, and 𝜙1 = 0.0001. This approach
may provide some bounds for the behavior of the actual system, which is polydisperse
with an average diameter of 280 nm and 𝜙TiO2 = 0.0025, and has a volume fraction of
0.0001 of the smallest 100 nm particles, which seem to control the sedimentation half
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time, since calculations for polydisperse system are quite complex. We calculate two
characteristic times, 𝑡a𝑛 and 𝑡s𝑛 for 𝐿 = 0.01 m from Stokes law, on the assumption that
the diffusion effects are negligible. For primary particles, or “monomers” with ∆𝜌1 = 3.2
g/cm3, the 𝑡s1 -values from Stokes law, Eq. (1-7), are 9 h and 71 h for cases (a) and (b);
see Table 3.2. Once the monomers (𝑛 = 1) agglomerate (without coalescence), clusters
form. We consider “fractal” clusters with an effective equivalent sphere diameter, 𝑑𝑛 , and
an effective density difference, ∆𝜌𝑛 . The values of 𝑑𝑛 are calculated from the following
equation, where 𝑛 is the number of the primary particles in the cluster; 𝑑f is the fractal
dimension, for which the value of 1.8 for diffusion-limited agglomeration was used.71
The value of 2.1 for reaction-limited agglomeration was also tested, and little difference
was found; these results are not shown.
𝑑𝑛 = 𝑑1 (𝑛)1/𝑑f

(3-6)

To account for flocculation at the particle separation distance of 6.5 nm (at the
secondary minimum; see Figure 3.9), the 𝑑1 -values for cases (a) and (b) were chosen as
280+6.5 nm and 100+6.5 nm. The effective density difference for a cluster with a
diameter of 𝑑𝑛 depends on the volume of the occluded solvent and the cluster shape.
This can be accounted for by the fractal dimension as follows
𝑑

∆𝜌𝑛 = ∆𝜌1 ( 𝑑𝑛 )
1

𝑑f −3

3
𝑑f

1−

= ∆𝜌1 (𝑛)

(3-7)

where the values of ∆𝜌1 = 3.0 g/cm3 and 2.7 g/cm3 were used, to account for the
6.5 nm particle separation distance, for cases (a) and (b).
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If the primary particles agglomerate “completely,” here by 99% as an approximation,
to form only dimers (𝑛 = 2) with a diameter of 𝑑2 , the time for complete agglomeration
is found to be72-74
𝜋𝜂𝑑13

SS
𝑡a2
= (100 − 1) 16𝜙

(3-8)

1 𝑘B 𝑇

This equation follows from the time evolution of the monomer concentration from the
Fuchs-Smoluchowski steady-state (SS) model of agglomeration; more details are
provided in Chapter 4. In this approximation, the formation of larger agglomerates is
neglected, and the rate of agglomeration is somewhat underestimated. Therefore, the
SS
value of 𝑡a2
represents an upper bound of the time for 99% monomers disappearing. The
SS
effective volume fraction, 𝜙2 , of the dimers at time 𝑡a2
is larger than 𝜙1 , and is found

from a number balance to be,
𝜙2 =

𝜙1 𝑑2 3
( )
2 𝑑1

(3-9)

We now consider the dimers to be the new “primary” particles. The time for all the
dimers to agglomerate completely (by 99%) to form only tetramers (𝑛 = 4) is calculated
similarly as above, with Eq. (3.10), by replacing 𝑑1 by 𝑑2 , and 𝜙1 by 𝜙2 . Then, the total
time to form just dimers in a first step and then only tetramers in a second step is
𝜋𝜂𝑑23

SS
SS
𝑡a4
= 𝑡a2
+ (100 − 1) 16𝜙

2 𝑘B

𝜋𝜂𝑑13

SS
= 𝑡a2
+ (100 − 1) 16𝜙
𝑇

1 𝑘B 𝑇

SS (1
(2) = 𝑡a2
+ 21 )

(3-10)
Similarly, we can calculate the total time to form octamers (𝑛 = 8) by
𝜋𝜂𝑑43

SS
SS
𝑡a8
= 𝑡a4
+ (100 − 1) 16𝜙

4 𝑘B

SS (1
= 𝑡a2
+ 21 + 22 )

𝜋𝜂 𝑑3

SS
= 𝑡a4
+ (100 − 1) 16𝜙0𝑘 1 𝑇 (22 )
𝑇
1 B

(3-11)
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SS
The time 𝑡a𝑛
to form higher 𝑛-mers is given by the following series,
SS (1
SS (𝑛
SS
𝑡a𝑛
= 𝑡a2
+ 21 + 22 + 23 + ⋯ + 2𝑁𝑚 −1 ) = 𝑡a2
− 1)

(3-12)

where 𝑛 and 𝑁𝑚 are related by the equation
𝑛 = 2𝑁𝑚

(3-13)

This calculation is novel. The agglomeration times have the following significance
SS
on the actual sedimentation times. If 𝑡a2
were much higher than 𝑡s1 , the particles would

settle without any agglomeration. This would occur only if the stability ratio were very
large, much higher than 105 in our examples. Since now 𝑊 ≅ 1, for flocculation of “hard
SS
spheres” with no energy barrier, we found 𝑡a2
= 0.025 h. This value is much smaller

than 𝑡s1 . Hence, the particles have sufficient time to form dimers completely with little
sedimentation, and the sedimentation half time decreases (see Table 3.1). This applies
also for tetramers, octamers, etc, until the agglomeration time becomes much larger and
comparable to the sedimentation half time. This condition occurs for 𝑛 = 32 to 64, for
which 𝑑𝑛 ≅ 2000-3000 nm, for case (a), and for 𝑛 = 256 to 512, for which 𝑑𝑛 ≅ 24003500 nm, for case (b). The particles will then sediment as if they had much larger sizes.
They may not agglomerate further before they sediment, since then agglomeration would
become slower than sedimentation. The predictions of the sedimentation times should be
considered as rough approximations, which are still useful, because they help explain
why the sedimentation times in region 3 are much smaller than those in region 2, but still
SS
not smaller than about 1 or 2 h. If 𝑡a2
were much smaller than 0.025 h, then the

sedimentation time in region 3 would be much smaller than 1 h. The rate of
agglomeration of hard spheres provides a lower bound to the sedimentation time. For
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region 1, in which there is some coagulation but no flocculation, a similar explanation is
plausible, with the understanding that the measured 𝑡s -value is larger than 2 h because the
particle stability ratio 𝑊 is larger than 1, but still not as high as in region 2.

Table 3.2 Agglomeration numbers, effective densities, agglomeration times, effective
density differences, gravitational Peclet numbers, and sedimentation half times for (a)
𝑑1 = 280 nm and 𝜙1 = 0.0025, and (b) 𝑑1 = 100 nm and 𝜙1 = 0.0001.

𝑛
1
2
4
8
16
32
64
128

𝑑𝑛 , nm
280
421
619
910
1337
1965
2888
4244

𝑁𝑚
0
1
2
3
4
5
6
7

𝑛
1
2
4
8
16
32
64
128
256
512

𝑑𝑛 , nm
100
157
230
338
497
730
1073
1578
2319
3408

𝑁𝑚
0
1
2
3
4
5
6
7
8
9

(a) 𝑑1 = 280 nm and 𝜙1 = 0.0025
SS
∆𝜌𝑛 , g/cm3
𝑡a𝑛
,h
N/A
3.20
0.024
1.88
0.071
1.19
0.165
0.75
0.353
0.47
0.730
0.30
1.484
0.19
2.991
0.12
(b) 𝑑1 = 100 nm and 𝜙1 = 0.0001
SS
∆𝜌𝑛 , g/cm3
𝑡a𝑛
,h
N/A
3.20
0.024
1.66
0.071
1.05
0.167
0.66
0.357
0.42
0.738
0.26
1.501
0.17
3.025
0.10
6.074
0.07
12.173
0.04

𝑃𝑒g
871
1743
3486
6972
13944
27888
55776
111553

𝑡s𝑛 , h
9.09
6.83
5.02
3.69
2.71
1.99
1.46
1.08

𝑃𝑒g
40
79
158
316
632
1265
2530
5059
10119
20237

𝑡s𝑛 , h
71.27
55.97
41.13
30.22
22.21
16.32
11.99
8.81
6.48
4.76

Ignoring the formation of trimers, pentamers, and other odd-numbered agglomerates
implies that more monomers will be “consumed”, for example, for dimers and tetramers,
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one ignores the collisions of dimers to monomers, leading to trimers, and trimers to
monomers, leading to more tetramers. This implies that a lower rate of the decrease in
the monomer concentration is predicted by this simple analytical model. This model
predicts, therefore an upper bound to the agglomeration time, and also an upper bound to
the predicted sedimentation time.

To obtain even more accurate predictions of the

sedimentation times, one would need to use models where sedimentation and
agglomeration are coupled, where the initial polydispersity of the system has to be
accounted for, and where a population balance model should account for the size and
shape distribution of the agglomerates. Such models would be overly complex, and
would have only numerical solutions.

3.8

Conclusions

The sedimentation times of titania nanoparticles with sizes 280±100 nm were found
to increase, from 1 h to 45 h, with increasing SDS concentration up to the cmc, 8 mM in
water or 1.5 mM in 100 mM aqueous NaCl solution. This increase is due to increasing
adsorption density of SDS monomers, which causes strong electrostatic interactions, as
expected.22-23 It was found that only about 1% of the adsorbed SDS molecules were
ionized. Above the cmc, the stability against agglomeration and against sedimentation
remained the same, as would be expected since micelles are not expected to adsorb on the
particle surfaces. In this region, the particles were stable against agglomeration and the
Fuchs-Smoluchowski stability ratios were very high. Moreover, the measured half-times
are in accord with the predictions from the polydisperse model of sedimentation coupled
with diffusion in the absence of particle agglomeration. At concentrations above 𝑐 ∗ = 60
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mM in water or 115 mM in 100 mM aqueous NaCl, the sedimentation times dropped to 1
h to 2 h. This indicated fast agglomeration, which was shown to be flocculation (easily
reversible agglomeration), and not coagulation. Such results are consistent with literature
reports on the effect of micelles at high concentrations on the stability of suspensions of
polymer microspheres.22-24 Even though the existence of depletion forces has been known
to cause such flocculation, the concentration ranges where they would produce a major
destabilization effect have not been fully understood. Jodar-Reyes et al. 22 have presented
the overall interaction potential, in which the depletion interaction energies were added to
the standard DLVO potential, as done in this chapter. Their potential curves predict
flocculation and a low-energy barrier, which may not prevent coagulation. In contrast,
our quantitative model and the parameters used provide a good prediction of the overall
interparticle potential. This potential shows a smaller, but still large, energy barrier, and a
deeper secondary minimum due to the micelles depletion effect. In the model the
effective micelle size includes the length of 4𝜅 −1 , to account for the double layers of the
micelles and the particles. The model helps explain the concentration threshold 𝑐 ∗ where
the flocculation became important, and why the concentration 𝑐 ∗ was higher in the
solutions with higher ionic strength. The model also suggests that if the surfactant
micelles are uncharged, the depletion effects are weaker. These results indicate that
higher concentrations of micelle-forming surfactant dispersants can have a detrimental
effect on the stability against sedimentation. To our knowledge, our results are the first
report of the effect of depletion interactions on sedimentation coupled with fast
flocculation while the particles are still stable against coagulation. This result should be
tested with other micelle-forming surfactants. If the goal were to precipitate nanoparticles
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without having them coagulate, so that they can be re-dispersed more easily, this
phenomenon can be advantageous and superior to the method of using high electrolyte
concentrations to induce hard-to reverse coagulation at the primary minimum.
A new simple analytical model, based on the Smoluchowski equation, was also
used to calculate how fast sedimentation will be in the presence of flocculation, described
as agglomeration with no barrier (effectively “hard spheres”). As the particle cluster size
grows, the predicted agglomeration time increases, and the sedimentation time decreases.
When these two times become about equal, an increase in the flocculation rate has no
impact on the actual sedimentation time, because the particles have already settled. The
model can be used in predicting the effect of the particle size and volume fraction on the
agglomeration and the sedimentation rates. More accurate models can be developed and
used in the future, but they would be more complex and would require numerical
solutions.
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4. EFFECT OF INTERPARTICLE INTERACTIONS ON AGGLOMERATION
AND SEDIMENTATION RATES OF COLLOIDAL SILICA MICROSPHERES

4.1

Abstract

The sedimentation half-times 𝑡s of initially monodisperse suspensions of 750 nm,
505 nm, and 350 nm silica microspheres were measured in water, in ethanol, and in
aqueous NaBr solutions of concentrations ranging 𝑐NaBr from 50 mM to 1000 mM, where
the particles may have formed clusters. In water and in ethanol, 𝑡s was about 8, 18, and
33 h for the 750, 505, and 350 nm particles, respectively. These values were the same as
the ones predicted by Stokes law, suggesting that the particles were monodisperse and
remained so during sedimentation; 𝑡s -values remained the same with increasing particle
weight fraction up to 0.03, indicating no hydrodynamic interactions. Three regions of
NaBr concentrations with different settling behavior were found for each size. In region I
or at lower 𝑐NaBr , the 𝑡s -values were the same as at no salt conditions, implying that there
was no significant agglomeration before particles settled. In region II, at intermediate
𝑐NaBr , 𝑡s decreased with increasing cNaBr , suggesting that the agglomeration and
sedimentation half times of medium-size clusters were comparable. In region III, at still
higher 𝑐NaBr , the 𝑡s -values were quite similar for all particles, and independent of the
NaBr concentration, indicating that at short times the particles formed large clusters
which settled rapidly. The zeta potentials of the particles in water or in NaBr solutions
were measured and used to predict the corresponding Fuchs Smoluchowski stability
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ratios, which were sensitive to the chosen Hamaker constant-values and the NaBr
concentrations. Two models, based on the Smoluchowski steady-state and the more
general unsteady-state agglomeration rates, were developed for obtaining the
agglomeration times 𝑡a𝑛 for forming clusters of size 2𝑁𝑚 , where 𝑁𝑚 = 1, 2, 3, …, and
the net predicted sedimentation half time 𝑡s∗ for these clusters. The clusters were
described by a fractal model with a fractal dimension 𝑑f . Diffusion-limited clusters (𝑑f =
1.8) were compared to the coalescence-limit clusters (𝑑f = 3). The models provide some
useful and accurate upper-bounds of 𝑡a𝑛 and 𝑡s∗ . Moreover, the effective sizes, density
differences, and volume fractions of the clusters were obtained as a function of time. The
predicted trend of 𝑡s∗ was consistent with the experimental data of 𝑡s . The predictions
supported the inferences that the particles were unagglomerated in region I, formed
medium-size clusters in region II, and rapidly formed large clusters in region III.

4.2

Introduction

This chapter is based on the results published in Yang et al. (2016), and is
reproduced in part with permission from the American Chemical Society.
When colloidal particles, typically with diameters between 1 and 1000 nm, are
dispersed in a liquid medium, they may have substantial Brownian motion, which
counterbalances the effects of gravity and induces them to stay suspended. Colloidal
particles in this size range are often assumed to remain suspended indefinitely, as long as
they remain stable against agglomeration and maintain their initial size in this “colloidal
size range.” Yet, if particles are more dense than their suspending medium, their
Brownian motion may not be enough to prevent them from settling, or “creaming”
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(moving upward) if they are less dense. The settling or creaming process of dispersed
colloidal particles under gravity may occur in many practical applications such as
separation of macromolecules or industrial wastes, industrial filtration, isolation of cells
from blood, and the shelf-life of various products like paints, inks, consumer products,
foods, and pharmaceuticals. The settling velocity, 𝑣sed , of particles of diameter 𝑑, or
clusters of equivalent hydrodynamic diameter 𝑑, in a liquid medium of viscosity 𝜂 is
given by Stokes law if the effects of Brownian motion (or particle diffusion) are
neglected,4
𝑣sed = 𝑑 2 Δ𝜌𝑔/18𝜂

(1-7)

Mason and Weaver reported the first treatment for colloidal sedimentation of a
suspension of monodisperse spheres that accounted for the effects of Brownian motion.
25-26

The relative importance of gravitational effects and Brownian motion, on the basis of

this classical model, can be assessed by the gravitational Peclet number, 𝑃𝑒g , which is
defined as the ratio of the sedimentation flux, 𝑣sed 𝑐, to the macroscopic diffusion flux,
𝐷𝑐⁄𝐿, over the scale 𝐿 of the sample,25, 27
𝑃𝑒g ≡

𝑣sed 𝑐
𝐷𝑐 ⁄𝐿

= 𝜋𝑑3 ∆𝜌𝑔𝐿⁄6𝑘B 𝑇

(1-8)

When the effects of diffusion are important, the colloidal particles might not settle out
completely, but ultimately reach a steady-state concentration profile. In Chapter 2 and
Reference [27], we defined, on the basis of the Mason-Weaver sedimentation-diffusion
equation, the characteristic sedimentation half-time as the time at which the concentration
of the particles in the top half of a sample becomes 1% of its initial value (or essentially
“zero”). For 𝑃𝑒g ≤ 1 , diffusion effects are quite important. In the definition of
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gravitational Peclet number 𝑃𝑒g , some authors30,
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use the particle size 𝑑 instead of

sample height 𝐿 (𝑑4 instead of 𝑑 3 𝐿) without a detailed justification. This is not suitable,
in our view, for a suspension in a macroscopic container. The solution of the
convection/diffusion equation, after it is made dimensionless, reveals that the appropriate
characteristic length is 𝐿, for the dimensionless length to vary between 0 and 1; see
Chapter 2. For 𝑃𝑒g ≤ 9.2, the particles never settle completely; the characteristic
sedimentation half-time is effectively infinite. In the 𝑃𝑒g -range of 9.2 to 50, the half-time
is finite, and the sedimentation rate is smaller than the one predicted by Stokes law due to
the effects of diffusion. For 𝑃𝑒g > 50, the sedimentation times predicted from Stokes law
and the Mason-Weaver equation are nearly identical, suggesting that the Brownian
motion cannot overcome the gravitational effects.
As the particles collide and agglomerate to form particle clusters, and sometimes
even coalesce, their effective size and corresponding Peclet number increase. Those
larger clusters with higher 𝑃𝑒g -values settle faster. The agglomeration rate is affected by
the interparticle interactions, which might be influenced by the particle concentration or
volume fraction,76 and several collision mechanisms. The mechanisms that lead to
agglomeration include (1) Brownian motion (perikinetic agglomeration), (2) fluid flow
(orthokinetic agglomeration), and (3) differential settling;2 the last one is especially
important for polydisperse colloidal suspensions. In differential settling, particles of
different diameters settle with different velocities, causing the faster moving particles to
collide with slower moving particles, leading to agglomeration. Even if agglomeration is
absent, an increase in the particle concentration may still lead to an increase in the
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sedimentation rate, since a settling particle may induce a flow that pulls down other
surrounding particles. Moreover, the particle volume fraction can strongly affect the
agglomeration rates for either hard sphere suspensions or interacting particle
suspensions.72, 77
Hence, the sedimentation and agglomeration processes are usually coupled. Exact
descriptions of this destabilization process are complex,78 and describing then in detail is
quite demanding computationally.79-85 On the basis of experimental results, Allen et al.
proposed two regimes for sedimentation in the presence of agglomeration: cluster
deposition at low particle volume fractions, and collective settling followed by gel
formation at high volume fractions.78
In this chapter, we study experimentally and develop two new models for predicting
the relative rates of sedimentation and agglomeration for various initially monodisperse
silica (SiO2) colloidal particles that have a nearly perfect spherical shape and high 𝑃𝑒𝑔 values, larger than 50. Both experimental results and model predictions are used to test
the hypothesis that the sedimentation rates are controlled by the gravitational Peclet
number if agglomeration is slow, and to determine the effects of concentration, if any, for
colloidally stable particles on the settling rate and the agglomeration rate. In our models,
to a first approximation, the sedimentation and agglomeration processes are assumed to
be decoupled and to occur sequentially, with agglomeration followed by sedimentation.
This analysis is more useful for initially monodisperse particles. In Chapter 3 and
Reference [27], we examined polydisperse suspensions of certain titania (TiO2) particles
used in white inks, with particle shapes that were non-spherical and globular. The
observed and predicted sedimentation times were dominated by the smaller particles, and
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were affected by the particle concentration. The ability to detect the sedimentation fronts
by visual observations was therefore limited. For these particles, conclusions about the
coupling between agglomeration and sedimentation rates were difficult to draw clearly.
In fact, as shown in the results, even beginning with model monodisperse spheres, once
fast agglomeration starts, a series of clusters of different sizes and shapes result, making
difficult the detection of a sedimentation front by visual observation. We measure the
settling times of the monodisperse silica spheres to examine the effects of salt
concentration and particle concentration on the agglomeration rates, thereby further
accelerating the sedimentation. We present new models of agglomeration and
sedimentation, and compare their predictions to some of our experimental data.

4.3

Materials and methods

4.3.1 Materials and characterization
Silica spherical particles with nominal diameters of 750 and 505 nm were obtained
from Superior Silica (Tempe, AZ) as dry solid powders. Their densities, 𝜌SiO2 , are 2.0
g/cm3, according to the manufacturer. Spherical silica particles with a nominal diameter
of 350 nm and a density of 2.0 g/cm3 were obtained from Fiber Optic Center (Bedford,
MA) as a dry solid powder. The powders were used as received. Since amorphous silica
has a reported density of 𝜌SiO2 = 2.2 g/cm3 and crystalline silica has 𝜌SiO2 = 2.7 g/cm3,
the particles are inferred to consist of amorphous silica.
The dry silica particles were characterized by scanning electron microscopy (SEM). The
particle shapes were shown to be nearly spherical; see Figure 4.1. The average diameters
of the three kinds of particles were found to be 743±15 nm, 484±15 nm, and 350±11 nm.
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The particles were dispersed well in water after at least 2 hours in a Branson 3510
sonication bath at a frequency of 40 kHz. The hydrodynamic diameters (𝑑h ) obtained
from dynamic light scattering (DLS) were found to be 750±50 nm, 496±5 nm, and 353±3
nm; see Figure 4.2. The reported uncertainties represent the size polydispersity, rather
than the errors of the averages. The average particle diameters obtained from SEM were
about the same as those from DLS. The particle sizes remained the same after 30 h. Thus,
the particles are stable against agglomeration within this time frame. The average particle
diameters obtained from SEM were used in the later calculations of the predicted
sedimentation half times and agglomeration times. The particles were negatively charged
in water; (see Table 4.1 and Table 4.2). Ultrapure water was obtained from a Milli-Q
system (from Millipore), which uses distilled water as input. Ethanol and sodium bromide
(NaBr) were obtained from Sigma Aldrich and were used as received.

4.3.2

Scanning electron microscopy (SEM)

SEM images were taken at the Purdue Life Science EM facility with an FEI NOVA
200 NanoSEM scanning electron microscope operating at an acceleration voltage of 5 kV.
Particle powders were loaded onto aluminum sample holders with double-sided sticky
carbon tape. The samples were sputter-coated with Pt for 60 seconds, to prevent charge
effects. The photomicrographs were taken under magnification of 15000X. The diameters
of the particles were measured from the SEM micrographs by using ImageJ software.
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(a)

(b)

(c)

Figure 4.1 SEM photomicrographs of silica particles with nominal diameters of (a) 750
nm, (b) 505 nm, and (c) 350 nm.
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(a)

(b)

(c)

Figure 4.2 The size distribution of silica particles dispersed in water, obtained from DLS
measurements; the nominal particle sizes are (a) 750 nm, (b) 505 nm, and (c) 350 nm.
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4.3.3

Sample preparation

The silica suspensions were prepared with initial weight fractions 𝑤SiO2 = 0.001-0.06
(0.1-6 wt%) (initial volume fractions 𝜙SiO2 = 0.0005-0.03) by mixing the silica particles
with each suspension medium, either water or ethanol. Each suspension was first mixed
with a vortex mixer for 5 s, and then sonicated for 2 h. Suspensions of particles were
mixed gently by hand with equal volumes of aqueous sodium bromide solutions with
concentrations ranging from 50 mM to 2 M, to obtain final salt concentrations of 25 mM
to 1 M and final weight fractions of 𝑤SiO2 = 0.0005-0.03.

4.3.4

Sedimentation half times of silica particle suspensions

The stability against sedimentation was monitored visually by measuring, when
possible, the height ℎ(𝑡) of the moving front of a nearly-clear supernatant top layer
against a lower white suspension. The half-time of sedimentation (𝑡s ) was determined
with two different methods, depending on whether the moving front is clear and easy to
track or not. If the moving front is clear, for a standard sample with an initial height of
1.8 cm, the 𝑡s -value was determined at a front height of ℎ = 0.9 cm. For the suspensions
in water or in ethanol, the ℎ(𝑡) curves were tracked after bath sonication. For the
suspensions mixed with NaBr solutions, the ℎ(𝑡) data were recorded immediately after
mixing. In certain cases, the front location could not be clearly identified, because
sedimentation and agglomeration occurred over similar time scales. Then, accurate ℎ(𝑡)
curves could not be obtained. In these cases, each 𝑡s -value was estimated approximately
as half the time for all of the particles to sediment completely by ca. 1.8 cm, with the
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remaining supernatant being transparent. In certain other cases, some particles
sedimented quickly to the bottom of the sample, forming a distinct white layer before the
top layer became transparent, and the top layer looked as previously described, either
with a sharp front that was easy to follow, or a diffuse front that was hard to track. All
experiments were done at room temperature of about 25 ℃.

4.4

Experimental results and discussion

4.4.1

Sedimentation rates and observations

The sedimentation half-times (𝑡s ) were measured for 1 wt% suspensions of 750, 505,
and 350 nm silica particles in ethanol or in water. As the particles sedimented, the
moving fronts between a clear upper supernatant layer and a lower uniform turbid or
milky white suspension were quite sharp for all suspensions; see Figure 4.3(a). These
results suggest that the particles were well dispersed and remained substantially
monodisperse, with a negligible number of clusters in the suspension medium. These
sharp fronts also imply that there were no significant diffusion effects or effects of
interparticle interactions. This behavior is not surprising, since the Peclet numbers are
large for these particles, ca 10000, 2500, and 1000 for the 750, 505, and 350 nm particles,
respectively. Therefore, sedimentation dominated diffusion. At similar circumstances,
suspensions with highly polydisperse particles have diffuse fronts when the particles
settle, as was reported previously for titania particles in Chapter 3.27
The sedimentation half-times for the 750 nm particles were found to be 7.8±0.2 h in
ethanol and 7.5±0.4 h in water. The observed sedimentation half times are quite close to
the predicted values of 7.4 h (∆𝜌 = 1.2 g/cm3, 𝜂 = 1.07 cP, and 𝑇 = 298 K) and 7.4 h (∆𝜌
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= 1.0 g/cm3, 𝜂 = 0.89 cP, and 𝑇 = 298 K), respectively, obtained from Stokes law, Eq. (17). For the 505 nm particles, the 𝑡s -values were 18.6±0.6 h in ethanol and 18.2±0.7 h in
water, fairly consistent with the predicted values of 17.4 h (∆𝜌 = 1.2 g/cm3) and 17.5 h
(∆𝜌 = 1.0 g/cm3). The times for the 350 nm particles were 33.2±1.4 h and 32.7±1.3 h in
ethanol and water, which also compare well to the predicted times of 33.2 h (∆𝜌 = 1.2
g/cm3) and 33.4 h (∆𝜌 = 1.0 g/cm3). The consistency between the data and the predictions
of Stokes law proves quantitatively that at 1 wt%: (1) the dispersed particles in water and
in ethanol were initially monodisperse and remained so as they settled; (2) the actual sizes
were close to the sizes obtained from SEM; (3) diffusion effects were negligible, and (4)
there were no significant hydrodynamic and other attractive interparticle interactions.
To further test whether there were any interactions between the particles, we
examined the suspensions in water with particle concentrations of 0.1, 0.2, 0.5, 1.0, and
3.0 wt% (𝜙SiO2 = 0.0005, 0.001, 0.0025, 0.005, and 0.015). As seen in Figure 4.3 (and in
Figure C.1 in Appendix C), the front locations are nearly identical at all the times shown.
Other authors reported that hydrodynamic interactions reduce the sedimentation velocity
by up to 10% for 𝜙SiO2 = 0.015.75, 86 However, we did not observe such a decrease. The
results support the hypothesis that there were no interparticle interactions, which would
have caused particle agglomeration and polydispersity, as noted earlier, at least up to 3
wt%. Moreover, through most of the container, except at the bottom layer, the volume
fraction remains small. The results also imply that there were no other interactions, which
would induce larger or variable sedimentation rates.
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(a)

(b)

Figure 4.3 (a) Photographs of glass vials (internal diameter of 1.45 cm and liquid height
of 1.8 cm) containing suspensions of 1.0 wt% silica particles in ethanol (e) or water (w),
at various times since sample preparation: for vials 1, 3, and 5, 𝑑 = 750, 505, and 350 nm
in ethanol; for vials 2, 4, and 6, 𝑑 = 750, 505, 350 nm in water. (b) Photographs for
aqueous suspensions of silica particles with 𝑑 = 505 nm and various particle weight
fractions at various times since sample preparation: for vials 1-5, particle weight fractions
are 0.1, 0.2, 0.5, 1.0, and 3.0 wt%.
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4.4.2

Effect of salt concentration on sedimentation of silica suspensions

The behavior of the silica suspensions was tested at various concentrations of added
electrolyte NaBr, 𝑐NaBr , from 50 to 1000 mM at 0.5 wt% (𝜙SiO2 = 0.0025). Three types
of behavior were observed for 505 nm particles; see Figure 4.4, Figure 4.5(a), and Figure
4.6. For 𝑐NaBr up to about 50 mM, the sedimentation times were about the same as the
one at no-salt conditions, namely sharp fronts, uniform turbidity of the lower layer, and
the same front speed. This behavior indicates good stability against agglomeration on a
time scale larger than the sedimentation time. In other words, the particles sedimented
before they had a chance to agglomerate significantly. We call this concentration range
“region Ι”. At 100 ≤ 𝑐NaBr ≤ 200 mM, or “region ΙΙ”, the sedimentation times decreased
from 18±0.5 h to 5.0±2.3 h as the salt concentration increased. The fronts were diffuse,
and the lower layers looked non-uniform. This behavior indicates that the particles
agglomerated significantly on a time scale of hours, which is comparable to the
sedimentation time. The agglomeration caused to form clusters with substantial shape and
size polydispersity, causing a wide range of sedimentation times. This behavior also
made the visual, front-based, determination of the sedimentation times much more
variable, inaccurate, and hence uncertain, resulting in the large error bars shown in Figure
4.6. The results suggest that in region ΙΙ there are, among the particles, substantial
colloidal interactions, which are due to different electrostatic interactions, as can be
described by the DLVO theory. Since the particles’ volume fraction was low, there were
probably no hydrodynamic interactions affecting the sedimentation rate. This weight
fraction of 0.005 is lower than the value of 0.03 at which monodisperse spheres showed
no hydrodynamic interactions; see Figure 4.3(b).
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At even higher salt concentrations, from about 250 to 1000 mM, termed “region ΙΙΙ”,
a different behavior was observed. At the early stages, a white layer formed quickly at the
bottom of the suspension. This indicates that some particles agglomerated rapidly and
formed large clusters which settled. The remaining particles created a diffuse moving
front and a non-homogeneous suspension, as described earlier for region ΙΙ. Over time,
the suspension became less and less turbid, and the front became harder and harder to
track. In Figure 4.5(b), at 5 min, the sample 2, with 0.5 wt% silica particles in 400 mM
NaBr solution, had a white layer underneath a non-homogenous suspension. At 12 min,
the suspension became more transparent and still inhomogenous with a more diffuse front.
At 1 h, most of the particles settled to the bottom. A small number of particles remained
suspended, but were too few to create a detectable front. At 2 h, the suspension became
clear, with a white layer of particles at the bottom. Since the front was diffuse and
difficult to track, the sedimentation time was determined approximately as half the time
for the remaining suspension to become essentially clear. In this region, the 𝑡s -values
were about 1.3±0.5 h, independent of the salt concentration, and much lower than the
sedimentation times predicted from Eq. (1-7). They also had a relatively large uncertainty,
because it was difficult to observe the front unambiguously. The results indicate that
agglomeration was occurring much faster than sedimentation, producing large clusters at
a time scale so small that the sizes of the sedimenting clusters were much larger than the
initial particle sizes.
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Figure 4.4 Photographs for aqueous suspensions of 0.5 wt% silica particles with 𝑑 = 505
nm and various NaBr concentrations 𝑐NaBr : for vials 1-10, 𝑐NaBr = 0, 50, 100, 125, 150,
175, 200, 250, 375 and 500 mM.

(a)

(b)

Figure 4.5 Photographs for suspensions of silica particles with 𝑑 = 505 nm in aqueous
NaBr solution with various particle weight fractions: for vials 1-4, 0.2, 0.5, 1.0, and 3.0
wt%. (a) 𝑐NaBr = 50 mM; (b) 𝑐NaBr = 400 mM.
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(a)

(b)

(c)

Figure 4.6 Sedimentation times 𝑡𝑠 for suspensions of 0.5 wt% silica particles in aqueous
NaBr solutions: (a) 𝑑 = 750 nm; (b) 𝑑 = 505 nm (see Figure 4.4); (c) 𝑑 = 350 nm. In
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regionII, 𝑡𝑠 is very sensitive to NaBr concentration, resulting in large error bars; see text
for details and discussions of regions I, II, and III.

Similar behavior was observed for the 750 nm and 350 nm particles, but the ranges
of the concentrations for each region (Ι, ΙΙ, and ΙΙΙ) were slightly different; see Figure 4.6,
C.2, and C.3. For both the 750 nm and the 350 nm particles, in region Ι, the concentration
range was 0 ≤ 𝑐NaBr ≲ 50 mM. The observed 𝑡s -values were nearly the same as the ones
predicted from Eq. (1-7). The suspensions had sharp fronts, and a uniform turbidity of the
lower layer, suggesting insignificant agglomeration effects on the sedimentation rate. The
ranges for region ΙΙ were 50 ≤ 𝑐NaBr ≤ 150 mM and 100 ≤ 𝑐NaBr ≤ 250 mM for the 750
nm and the 350 nm particles, respectively. The sedimentation times, with large error bars,
decreased as the salt concentration increased. The suspensions had diffuse fronts and
non-uniformly turbid lower layers under clear supernatant layers. The results suggest that
the agglomeration times and the sedimentation times were comparable, and the effects of
the particle agglomeration on the sedimentation times were significant, probably due to
the substantial energetic interactions between the particles. For the 750 and the 350 nm
particles, region ΙΙΙ -type behavior was observed beyond 200 mM and 300 mM,
respectively. The sedimentation times were 1.2±0.8 h, and 1.2±0.7 h. During the particle
settling, two layers were observed: a white layer, which formed quickly at the bottom,
and a diffuse front of a non-uniform turbid layer. The results suggest that the particles
agglomerated so fast that large clusters formed before the particles settled out completely.
The sizes of these clusters were probably much larger than the initial particle sizes. This
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is probably the reason why the 𝑡s -values were nearly independent of the initial particle
sizes.
In region ΙΙΙ, the following scenario appears likely. The particles agglomerated fast,
producing dimers and higher agglomerates from the monomers on a time scale much
smaller than the time scale for significant sedimentation. Then, in a second stage, the
dimers that formed during the first stage agglomerated to form tetramers and other larger
clusters, also on a time scale much smaller than the time scale for significant
sedimentation. As the effective sizes of the fractal clusters rapidly increased, their
sedimentation times also decreased. Hence, within a short time, the two processes
become closely coupled due to fast agglomeration and sedimentation. We observed a
similar behavior for titania suspensions which were destabilized by micellar depletion
forces in Chapter 3, rather than by double layer screening effects.
We have developed two simple models for predicting an upper bound of the
agglomeration times, by considering the sequential formation first of only dimers, then of
only tetramers, then of only octamers, etc, and their corresponding sedimentation times.
A version of the first model for non-interacting spheres for a Fuchs-Smoluchowski
stability ratio of 𝑊 = 1, was reported in Chapter 3. The model was tested with initially
polydisperse suspensions of nonspherical titania colloidal particles. Here, we examine
this model for initially monodisperse perfectly spherical silica particles, which is now
consistent with the initial conditions assumed in the model. Moreover, we extend this
model to describe interacting particles with different 𝑊 -values, as calculated form
published values of the Hamaker constant and measured zeta potentials.
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4.4.3

Zeta potential (𝜁) measurements

The silica particles in water or in aqueous NaBr solution were negatively charged;
see Table 4.1. In water, the 𝜁-potential was about -26, -18, and -14 mV, for the 750, 505,
350 nm particles. For the 750 nm particles, the 𝜁 -potential varied little with NaBr
concentration up to ca. 200 mM. No reliable measurements could be obtained at NaBr
concentrations of 400-1000 mM, since the particles agglomerated too fast. For the 505
nm particles, the 𝜁-potential also changed little with the salt concentration, with a small
upward trend. For the 350 nm particles, |𝜁| increased a little to about 25 mV. The
increase may be due to a larger relative adsorption of the anions on the particle surface
than that of the cations. Even though the surfaces were negatively charged, it is still
possible for anions to adsorb if the surface charges are far away from each other; see
Table 4.2. As 𝑐NaBr increases, the 𝜁-potential remains nearly constant up to about 200
mM NaBr. Since the 𝜁-potentials varied little with 𝑐NaBr at lower concentrations, it seems
plausible that at higher concentrations, the 𝜁-potentials probably remained constant. We
make this assumption later for some sample calculations.
We calculated the surface charge density 𝜎 (C/m2), the area per surface ion 𝑎̅
(nm2/ion), and the average distance between two neighboring ions on the surface 𝑑𝑖 (nm)
on the basis of the assumption that the effective surface potentials 𝜓0 are equal to the
respective zeta potentials 𝜁 . The calculations were done as described previously in
Section 3.4.4.27, 67 The results are shown in Table 4.2. In water, for the 350 nm particles,
the surface charge density is 𝜎 = -6.6×10-7 C/m2, the average area per molecule is 𝑎̅ =
240834 nm2, and the average distance between two neighboring ions is 𝑑𝑖 = 490 nm,
indicating that the charges on the particle surfaces were very far from each other. These
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values imply that most of the surface was uncharged. Hence, the solution anions could
easily adsorb on the negatively charged surface, to make the particles more negatively
charged, as we observed. As the concentration of NaBr increased, |𝜎| increased, but 𝑎̅
and 𝑑𝑖 decreased substantially. At 𝑐NaBr = 200 mM, 𝜎 = -0.052 C/m2, 𝑎̅ = 3.1 nm2, and
𝑑𝑖 = 1.8 nm. Thus, even though the absolute surface potential (|𝜁| or |𝜓0 |) was nearly
constant, the absolute surface charge density (|𝜎|) may have increased. For this reason,
the subsequent DLVO calculations were done only for the constant surface potential case.

Table 4.1 Zeta potential (𝜁) of silica particles in aqueous solutions
𝑑, nm
750
505
350
0
-25.6±2.7
-17.7±1.6
-14.3±1.6
50
-25.1±4.2
-20.1±4.0
-25.0±3.9
100
-25.8±3.1
-19.9±4.1
-22.0±0.6
200
-22.3±2.2
-22.8±3.3
-25.0±0.5
400
N/A*
N/A*
N/A*
600
N/A*
N/A*
N/A*
1000
N/A*
N/A*
N/A*
*At these high ionic strengths, no measurements could be obtained; see text for details.
𝑐NaBr , mM

For the calculations of stability ratio 𝑊 for 𝑐NaBr =400-1000 mM (see Figure 4.11),
the 𝜁-values at 200 mM were used.
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Table 4.2 Surface charge density, the area per surface ion, and the average distance
between two neighboring ions on the surface for the 750, 505, and 350 nm silica particles
in water or in aqueous NaBr solutions
𝑐NaBr , mM

the 750 nm silica

the 505 nm silica

the 350 nm silica

4.4.4

0
50
100
200
0
50
100
200
0
50
100
200

𝜎, C/m2
-6

-1.2×10
-0.026
-0.038
-0.046
-8.2×10-7
-0.021
-0.029
-0.047
-6.6×10-7
-0.026
-0.032
-0.052

𝑎̅, nm2/ion
5

1.3×10
6.1
4.2
3.5
1.9×105
7.7
5.5
3.4
2.4×105
6.2
5.0
3.1

𝑑𝑖 , nm
366
2.5
2.1
1.9
441
2.8
2.3
1.8
490
2.5
2.2
1.8

Particle concentration effects on agglomeration and sedimentation

To investigate the effects of particle concentration on particle agglomeration, which
induces faster sedimentation, we measured the half times, to indirectly obtain the extent
of agglomeration. The snapshots of the suspensions of the 505 nm particles with weight
fractions of 0.002, 0.005, 0.01, and 0.03 at 𝑐NaBr = 50 mM (they are in region Ι for 𝑤 =
0.005, but probably in region II or III for higher 𝑤) and 400 mM (this is in region III for
𝑤 = 0.005) are shown in Figure 4.5. No concentrations in region ΙΙ for 𝑤 = 0.005 were
tested, because the particle agglomeration rate was very sensitive to the NaBr
concentration, and the error bars of the half times were deemed to be too large. Thus, it
would be difficult to determine whether the particle agglomeration rate could be limited
to the particle concentration effects or to the sensitivity of 𝑡s to the NaBr concentration.
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For 𝑐NaBr = 50 mM, at 1 min, all suspensions looked homogenous, and no sediment
was clearly observed; see Figure 4.5(a). The suspensions with higher particle
concentrations were more opaque. At 12 min, for 0.2, 0.5, and 1.0 wt%, no sharp fronts
and no early sediment were observed. For 3.0 wt%, no clear front was observed but a
white layer formed underneath a non-uniform turbid suspension. The formation of this
white layer is probably due to more particles forming larger clusters that settled faster. At
1 h, for 0.2, 0.5, 1.0, and 3.0 wt%, clear fronts were observed; for 1.0 and 3.0 wt%, white
layers were also observed at the bottom. After 10.5 h, all samples showed the formation
of a white layer, and the fronts were moving at nearly the same rate. The results indicate
that many large clusters formed and settled rapidly, while some monomer particles
remained in the upper non-uniform turbid layer with little agglomeration, and settled at
the same rate. The upper layers of the suspensions with the higher weight fractions were
more transparent after the large clusters settled, suggesting that fewer particles remained
unagglomerated in the upper layer than with the lower weight fractions. The results also
imply that the particles agglomerated faster in the high-weight-fraction suspensions than
in the low-weight-fraction suspensions. At 1.0 and 3.0 wt%, the suspensions shift from
region Ι to region ΙΙ, suggesting that the concentration ranges for each regimes depend on
the particle concentration. For 𝑐NaBr = 400 mM, similar trends were observed, but the
particles settled even more rapidly; see Figure 4.5(b).
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4.5

Models for predicting net sedimentation half-times
4.5.1

Overview of the models

The key idea of these models is to predict the agglomeration time scale, 𝑡a𝑛 , for
forming a cluster with 𝑛 particles (or monomers) and compare it to the intrinsic
sedimentation half time of that cluster, 𝑡s𝑛 , found from Eq. (1-7). As indicated, both 𝑡a𝑛
and 𝑡s𝑛 depend on the number 𝑛 of monomers in a given cluster. As 𝑛 increases, 𝑡a𝑛
increases, while 𝑡s𝑛 decreases. When 𝑡a𝑛 ≫ 𝑡s1, which is the sedimentation half time for
the primary particles, the rate of agglomeration should be unimportant, and therefore, the
net, or overall, sedimentation half time should be 𝑡s ∗ ≈ 𝑡s1 . This case corresponds to
region I of the experiments. Regions II and III correspond to 𝑡a𝑛 being less than 𝑡s1 and
comparable to 𝑡s𝑛 for some high values of 𝑛, with such values being larger for region III.
Then, the rate of agglomeration affects significantly the net rate of sedimentation. When
𝑡a𝑛 and 𝑡s𝑛 are about equal, which should occur for some cluster size 𝑛 = 𝑛∗ ,
agglomeration and sedimentation are closely related, and the net sedimentation half time
𝑡s∗ should be roughly equal to 𝑡a𝑛∗ and 𝑡s𝑛∗ .
For predicting 𝑡a𝑛 , an initially monodisperse system is considered, first for noninteracting spherical particles (or hard spheres), and then for spherical particles
interacting with DLVO-type attractive/repulsive forces. At short-enough times,
agglomerating monomers first form only two-particle clusters, or dimers. Once dimers
are present, further agglomeration leads to the formation of trimers, tetramers, pentamers,
etc. Eventually, most of the monomers disappear; later, most of the dimers disappear too,
and so on. We will invoke some simplifications, to allow for developing simple analytical
expressions for the times at which no clusters remain below a certain size.
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Agglomeration is assumed to proceed only by collisions between two identical
clusters (with 𝑛 = 𝑥) to form doublets (with 𝑛 = 2𝑥). In the first stage of agglomeration,
essentially all the monomers ( ≈ 99%) form only dimers; no other cluster sizes are
generated. At the beginning of the second stage, where only dimers are present,
essentially all the dimers (≈99%) form only tetramers. Over time, octamers, 16-mers, and
other 2𝑁m -mers, where 𝑁𝑚 is a positive integer, will form in a similar stepwise manner.
For each step, we independently calculate the agglomeration time for monomers to form
dimers only, dimers to form tetramers only, tetramers to form octamers only, etc. The
agglomeration time for the formation of the 2𝑁m -mers is therefore assumed to be equal
to the sum of the agglomeration times of all the preceding steps. Neglecting the collisions
between two non-identical particles, and hence the formation of other clusters besides the
2𝑁𝑚 -mers, should yield predicted agglomeration rates smaller than the actual
agglomeration rates. Therefore, these models provide a lower bound to the agglomeration
rate, or an upper bound to the agglomeration time.
If agglomerates of all sizes are considered, one may also calculate the agglomeration
times from the general population balance equation,87 but the suspensions will become
quite polydisperse over time. Moreover, stratification, or position dependence of the
cluster size distribution will result,88 and the differential settling, or the effect of
sedimentation on the agglomeration rate, will need to be accounted. Then, wide
distributions of 𝑡a𝑛 and 𝑡s𝑛 are obtained, and the value of 𝑡s∗ becomes difficult to define.
One would need to solve the Mason-Weaver equation coupled with the population
balance, or to consider the agglomeration and sedimentation processes fully coupled.
This is a quite complicated and computationally demanding task, which is beyond the
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scope of this model. In the more general model, the assumption that the agglomeration
and sedimentation processes occur sequentially with a uniform volume fraction can no
longer be used. In our simple analytical model, we consider sequential formation of
monodisperse clusters, and no dependence of the cluster size on position. Hence, our
model presents a simplified description of the agglomeration/sedimentation process.
To determine 𝑡a𝑛 and 𝑡s𝑛 , we consider two cases. In the first case, every cluster is
considered as an equivalent sphere with a fractal dimension 𝑑f = 3, in the so-called
“coalescence” limit, even though the solid particles in the clusters do not coalesce. In the
second case, no coalescence is assumed, and the clusters are described by a fractal
model71, 89 with 𝑑f < 3. The intrinsic sedimentation half times of the fractal clusters are
quite different from those of the equivalent spheres, since the fractal clusters have
different effective diameters, than in the coalescence case with the same 𝑛, and smaller
densities, as some solvent is occluded in the fractal clusters. The agglomeration times of
each step are predicted from two models: (1) the classic Fuchs-Smoluchowski steadystate model (SS model),4,

62

and (2) the more general unsteady-state diffusion model

(USS model).74 The USS-model-predicted agglomeration rates are larger at short-times
than those of the SS model, and the sedimentation times are shorter.

4.5.2

Models of agglomeration and sedimentation

4.5.2.1 Types of clusters and their intrinsic sedimentation half times
An initially monodisperse suspension, in which the particles have a diameter 𝑑1 and
a volume fraction 𝜙1 , is considered. In the coalescence limit, where compact clusters
form, as dimers ( 𝑛 = 2) form, the effective diameter 𝑑2 is 21/3 𝑑1 and the effective
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volume fraction 𝜙2 is equal to 𝜙1 . When the dimers form tetramers (𝑛 = 4), the effective
diameter is 𝑑4 = 21/3 𝑑2 = (22 )1/3 𝑑1 and the effective volume fraction is 𝜙4 = 𝜙2 = 𝜙1 .
In general, when n-mers form, their effective diameter 𝑑𝑛 , volume fraction 𝜙𝑛 , and
density difference ∆𝜌𝑛 are
𝑑𝑛 = 𝑑1 (𝑛)1/3

(4-1)

𝜙𝑛 = 𝜙1

(4-2)

∆𝜌𝑛 = ∆𝜌1 = 𝜌1 − 𝜌0

(4-3)

where 𝑛 = 2𝑁𝑚 , with 𝑁𝑚 = 1, 2, 3, … etc, and 𝜌1 and 𝜌0 are the densities of the
particles and suspension medium.
For the non-coalescence case, the fractal model with a fractal dimension 𝑑f is used to
predict 𝜙𝑛 , 𝑑𝑛 , and ∆𝜌𝑛 ,71, 89-90
𝑑𝑛 = 𝑑1 (𝑛)1/𝑑f
1

𝑑

𝑛

𝑑1

(3-6)
3

3

𝜙𝑛 = 𝜙1 ( ) ( 𝑛 ) = 𝜙1 (𝑛)𝑑f
𝑑

∆𝜌𝑛 = ∆𝜌1 ( 𝑑𝑛 )
1

𝑑f −3

−1

(4-4)
3
𝑑f

1−

= ∆𝜌1 (𝑛)

(3-7)

When 𝑑f = 3, Eqs. (3-8), (3-9), and (4-4) reduce to Eqs. (4-1)-(4-3). For 𝑑f < 3, the
density difference is significantly lower than ∆𝜌1 , but 𝑑𝑛 and 𝜙𝑛 are larger than those for
𝑑f = 3. In the fractal model, the clusters’ motion (diffusion and sedimentation) is
assumed to be identical to that of a sphere with 𝑑𝑛 and ∆𝜌𝑛 given by Eqs. (3-8), (3-9),
and (4-4).
When diffusion effects are negligible, or when 𝑃𝑒g ≫ 1, the sedimentation half times
𝑡s𝑛 for the clusters are calculated from Eq. (1-7), by using 𝑑𝑛 and ∆𝜌𝑛 . An equivalent
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sphere and a fractal cluster with the same value of 𝑛 have different settling rates. Since
the density effect is weaker than the size effect on the sedimentation, the fractal clusters
are predicted to settle more slowly than the equivalent spheres of compact clusters. If the
gravitational Peclet number, Eq. (1-7), is much larger than 1 for the primary particles, it
remains so for the all agglomerates, as shown by Eqs. (3-8), (3-9), and (4-4).

4.5.2.2 Fuchs-Smoluchowski steady-state model of agglomeration (SS model)
In the SS model, for both compact and fractal clusters, the time evolution of the
monomer concentration, 𝑁1 (𝑡), as predicted by the steady-state Smoluchowski model for
a dilute suspension of non-interacting spherical particles when only dimers form, is

62, 73-

74

𝑁1 (𝑡)
𝑁1 (𝑡=0)

= (1 +

16𝜙1 𝑘B 𝑇
𝜋𝜂𝑑13

−1

𝑡)

(4-5)

For dilute enough suspensions, the effects of the initial particle concentration on the
agglomeration kinetics can be neglected. The time for the primary particles to
agglomerate “completely,” or when the monomer concentration drops to 1% of its initial
1

value, is determined by setting 𝑁1 (𝑡) = (100)
SS
𝑡a2
= (100 − 1)

𝜋𝜂𝑑13
16𝜙1 𝑘𝐵 𝑇

1 (𝑡

= 0), which leads to
(3-8)

We now consider the dimers, as they are the only remaining clusters present in the model,
SS
to be the new “primary particles,” in order to determine agglomeration times beyond 𝑡a2
.

If the dimers are assumed to agglomerate to form only tetramers, we substitute 𝑑2 for 𝑑1 ,
and 𝜙2 for 𝜙1 , in Eq. (4-5), or
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𝑁2 (𝑡)
𝑁2

= (1 +
(𝑡=𝑡 SS )
a2

16𝜙2 𝑘B 𝑇
𝜋𝜂𝑑23

𝑡)

−1

(4-6)

The total time to form only dimers in the first step and then only tetramers in the second
step is, by using Eq. (4-4)
𝜋𝜂𝑑2 3

SS
SS
𝑡a4
= 𝑡a2
+ (99) 16𝜙

2 𝑘B

𝜙

𝑑

3

SS
SS
= 𝑡a2
(1 + (𝜙1 ) (𝑑2 ) ) = 𝑡a2
(1 + 2)
𝑇
2

1

(3-10)

𝑆𝑆
Then, the time 𝑡𝑎𝑛
to form n-mers, or specifically 2𝑁𝑚 -mers, is found similarly
SS (1
SS (𝑛
SS
𝑡a𝑛
= 𝑡a2
+ 21 + 22 + 23 + ⋯ + 2𝑁𝑚 −1 ) = 𝑡a2
− 1)

(3-12)

So far, we have considered the agglomeration of non-interacting spheres only. For
interacting spheres, if the Fuchs stability ratio, 𝑊, is independent of the particle size, and
is the same for both cluster models, then the time evolution of the monomer
concentration is 62
𝑁1 (𝑡)
𝑁1 (𝑡=0)

= (1 +

16𝜙1 𝑘B 𝑇
𝜋𝜂𝑑13 𝑊

−1

𝑡)

(4-7)

Consequently, the individual agglomeration times simply increase by a factor of 𝑊, or
SS (𝑛
SS
𝑡a𝑛
= 𝑡a2
− 1)𝑊

(4-8)

5.5.2.3 Unsteady-state diffusion model of agglomeration (USS model)
The time evolution of the monomer concentration for non-interacting spherical
particles in dilute suspensions, when only dimers form is 74
𝑁1 (𝑡)
𝑁1 (𝑡=0)

= [1 +

16𝜙1 𝑘B 𝑇
𝜋𝜂𝑑13

𝑡 (1 +

2
√𝑡/𝜏1

−1

) ]

(4-9)
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3𝜂𝑑3

where the characteristic diffusion time of the monomers 𝜏1 is defined as 2𝑘 𝑇1 . At long
B

times (𝑡 ≫ 𝜏1 ) or for low values of 𝜙1 , Eq. (4-19) reduces to Eq. (4-5). The time for the
monomers to agglomerate completely (or by 99%) to dimers is found to be,74
1

1

2

1

2

USS
SS 2
SS
𝑡a2
= [(𝜏1 + 𝑡a2
) − 𝜏1 2 ] = 𝜏1 [(1 + 𝑡a2
/𝜏1 )2 − 1]

(4-10)

USS
SS
The value of 𝑡a2
, which depends only on 𝑡a2
and 𝜏1 , is the same for the coalescence and

the fractal model. The dimer concentration 𝑁2 (𝑡), when only tetramers form, can be
obtained from Eq. (4-9) by substituting 𝜏1 by 𝜏2 and 𝜙1 by 𝜙2 , or
𝑁2 (𝑡)

𝑁2

= [1 +
(𝑡=𝑡 USS )

16𝜙2 𝑘B 𝑇

a2

where 𝜏2 =

3𝜂0 𝑑23
2𝑘B 𝑇

𝜋𝜂𝑑23

𝑡 (1 +

−1

2
√𝑡/𝜏2

)]

(4-11)

. The time for the dimers to agglomerate completely (by 99%) to form

only tetramers is calculated similarly above. The total time to form dimers first and then
tetramers is
1

𝜏2

USS
USS
𝑡a4
= 𝑡a2
+ 𝜏1 [(𝜏 + (2)
1

𝑆𝑆 2
𝑡𝑎2

𝜏1

1

) −

2

𝜏 2
(𝜏 2 ) ]
1

(4-12)

USS
where we have made use of Eq. (4-4). The time 𝑡a𝑛
to form 2𝑁𝑚 -mers is thereafter equal

to
1

USS
𝑡a𝑛

=

where 𝜏𝑚 =

𝜏
𝜏1 ∑′𝑚 [( 𝜏𝑚
1

3𝜂𝑑𝑚 3
2𝑘𝐵

+ (𝑚)

SS 2
𝑡a2

𝜏1

) −

1 2
𝜏𝑚 2
(𝜏 ) ]
1

(4-13)
𝑛

USS
, and the summation is only for 𝑚 =1, 2, 4, 8, …, 2. The value of 𝑡a𝑛
𝑇

SS
depends not only on 𝑡a2
and 𝜏1 , but also on 𝜏2 , 𝜏4 , ..., 𝜏𝑚 . For this reason, the predicted

agglomeration times of the coalescence model and the fractal model with the same 𝑛 are
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different. Finally, Eq. (4-13) is rewritten as a function of the fractal dimension by using
Eq. (3-8),

𝑝=𝑁 −1

USS
𝑡a𝑛
= 𝜏1 ∑𝑝=0 𝑚

3𝑝
𝑑f

[(2

+ 2𝑝

2

1
SS 2
𝑡a2

𝜏1

3𝑝
2𝑑f

) −2

]

(4-14)

For interacting spheres, if one assumes that the Fuchs stability ratio, 𝑊 , is
independent of the particle size, and is the same for the coalescence and fractal models,
the agglomeration times are given as follows (see Appendix C.)

𝑝=𝑁 −1

USS
𝑡a𝑛
= 𝜏1 ∑𝑝=0 𝑚

3𝑝
𝑑f

[(2

+

𝑡 SS
2𝑝 𝜏a2
1

1
2

2
3𝑝
2𝑑f

𝑊) − 2

]

(4-15)

While our models for 𝑡a𝑛 yields direct predictions for 𝑛 = 2𝑁𝑚 only, we nevertheless
generate predictions for other values of 𝑛 by interpolating between the obtained 2𝑁𝑚
values.

4.5.3

Sample calculations

4.5.3.1 Monomer and clusters number densities, and agglomeration times
Some sample calculations are shown for systems similar to some of our experimental
systems, with 𝑑1 = 484 nm, ∆𝜌1 = 1.0 g/cm3, 𝜙1 = 0.0025 or 0.015, 𝜂 = 0.89 cP, 𝑇 =
298 K, and 𝐿 = 1.8 cm. For the loose fractal clusters, the fractal dimension of 1.8 for
diffusion-limited agglomeration was used.71
The time evolution of the monomer, dimer, and tetramer number densities for 𝑊 = 1
for the SS model is shown in Figure 4.7(a). For 𝜙1 = 0.0025, in the early stage of
agglomeration, the monomers form dimers, whereas the dimers remain non-
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SS
agglomerating. At 𝑡 = 𝑡a2
= 0.05 h, the monomer number density drops below 1% of its
SS
original value. Then dimers start forming tetramers. At 𝑡 = 𝑡a4
= 0.18 h, the tetramers
SS
start forming octamers, which do not themselves agglomerate until 𝑡a8
= 0.41 h. The time

evolution of the monomer and the cluster number densities for the USS model at this
value of 𝜙1 , and at 𝜙1 = 0.015 for the SS and USS models are shown in Figure C.4 and
C.5.
USS/C

SS
The agglomeration times, 𝑡a𝑛
, or 𝑡a𝑛

USS/F

for the compact clusters, or 𝑡a𝑛

for the

loose fractal clusters, are shown in Figure 4.7(b). The variation of log(𝑡a𝑛 ) with log(𝑛) is
quite linear. For the SS model and the same 𝑛, the agglomeration times are the same for
the compact and fractal clusters. By contrast, for the USS model, the predicted
agglomeration rates for the fractal clusters are slightly faster. In general, the
agglomeration times are smaller for the USS model than for the SS model. For 𝜙1 =
SS
USS
0.0025, 𝑡a2
≅ 𝑡a2
≅ 0.05 h for both types of clusters. The differences among the

predicted agglomerations times from the four cases (SS/compact, SS/fractal,
SS
USS/compact, USS/fractal) become larger with increasing 𝑛. For 𝑛 = 32, 𝑡a32
= 1.64 h,
USS/C

vs 𝑡a32

USS/F

and 𝑡a512

USS/F

= 1.61 h and 𝑡a32

USS/C

SS
= 1.56 h. For 𝑛 = 512, 𝑡a512
is 27.08 h, vs 𝑡a512 = 26.46 h

SS
= 23.52 h. The agglomeration times decrease strongly with increasing 𝜙1 ; 𝑡a2

SS
USS
(𝜙1 = 0.015) ≅ 0.01 h vs 𝑡a2
(ϕ1 = 0.0025) ≅ 0.05 h. For the USS/compact model, 𝑡a𝑛

increases with n more strongly than for the USS/fractal model.
As mentioned earlier, for the same 𝑛, the compact clusters are smaller than the
fractal clusters, and hence the time for the clusters to reach a diameter 𝑑𝑛 differs for the
four models. For example, for 𝜙1 = 0.0025 and 𝑑𝑛 = 2000 nm, the agglomeration times
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are 3.34 h, 3.26 h, 1.31 h, and 1.27 h, for the SS/compact, USS/compact, SS/fractal, and
USS/fractal models, respectively; see Figure C.6.

(a)

(b)

Figure 4.7 (a) Time evolution of monomer, dimer, tetramer, and octamer number
densities with 𝑑1 = 484 nm, 𝑊 = 1, and 𝜙1 = 0.0025 for the SS models and the compact
(𝑑f = 3.0) or fractal (𝑑f = 1.8) clusters. (b) For particles with 𝑑1 = 484 nm, 𝑊 = 1, and 𝜙1
= 0.0025 (black) or 0.015 (grey), agglomeration times 𝑡a𝑛 predicted by the SS/compact,
SS/fractal, USS/compact, and USS/fractal models. The models only predicts 𝑡a𝑛 for 𝑛 = 1,
2, 4, …, 2𝑁m ; hence, the values of 𝑡a𝑛 for other value of 𝑛 are calculated by interpolation.
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4.5.3.2 Overall (or net) sedimentation half times
Whereas the cluster agglomeration time 𝑡a𝑛 increases with increasing 𝑛, the intrinsic
sedimentation half time 𝑡s𝑛 decreases; see Figure 4.8(a). The overall predicted
sedimentation half times 𝑡s∗ and the cluster sizes for 𝑛 = 𝑛∗ for which 𝑡a𝑛 = t s𝑛 are quite
different for the four cases. For the SS/compact and USS/compact cases, the times 𝑡s∗ are
1.72 h (point A) and 1.71 h (point B), respectively; the cluster sizes are about the same,
ca 1600 nm. For the SS/fractal and USS/fractal cases, the sedimentations times are 3.02 h
(point C) and 2.93 h (point D), and the cluster sizes are about 4300 nm and 4500 nm. In
general, the predictions of the overall sedimentation half times are in the order SS/fractal
> USS/fractal > SS/compact > USS/compact. The predictions of the cluster sizes are in
the order USS/fractal > SS/fractal > USS/compact > SS/compact. The USS/fractal model
should provide the most accurate predictions, and was chosen for further calculations and
comparison with our experimental data.
For interacting particles, as 𝑊 increases, the agglomeration time increases
dramatically, resulting in an increase in the overall sedimentation time; see Figure 4.8(b).
For the USS/fractal model, as 𝑊 increases from 1 to 1000, 𝑡s ∗ increases from 2.93 h to
16.40 h. At 𝑊 ≥ 104 , t s ∗ reaches the limit of 𝑡s1 = 17.41 h for 𝑊 → ∞. Under such
conditions, 𝑡a𝑛 ≫ 𝑡s1 , implying that monomers sediment without any significant
agglomeration.
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(a)

(b)

Figure 4.8 Agglomeration time 𝑡a𝑛 and intrinsic sedimentation time 𝑡s𝑛 for 𝜙1 = 0.0025
and clusters of size 𝑑𝑛 for the four models. The respective intersections, where they are
equal, represent the values of 𝑑𝑛∗ for 𝑛 = 𝑛∗ and the net sedimentation half times 𝑡s∗ . (a)
𝑊=1: point A, SS/compact model; point B, USS/compact model; point C, SS/fractal
model; point D, USS/fractal model, (b) USS/fractal model and various 𝑊: point D, 𝑊 =1;
point E, 𝑊=10; point F, 𝑊=100; point G, 𝑊=1000.
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4.5.4

Calculation of Fuchs-Smoluchowski stability ratio with the measured ζ −values

The DLVO potential ΦDLVO between two identical spheres with a diameter 𝑑 is the
sum of the attractive and the repulsive potential energy 4, 62
ΦDLVO = ΦvdW + Φel
𝑑2

𝐴

or ΦDLVO
=ΦvdW
+Φel
𝑖𝑗
𝑖𝑗
𝑖𝑗

𝑑2

(1-5)

ℎ2 +2𝑑ℎ

= − 6 {2ℎ+4𝑑ℎ + 2(𝑑+ℎ)2 + ln ⌈ (𝑑+ℎ)2 ⌉} + 32𝜋𝑘B 𝑇𝑛𝑏 𝑑𝑌02 𝜅 −2 exp(−𝜅ℎ)
The Fuchs-Smoluchowski stability ratio W for coagulation is 62
∞ exp(ΦDLVO (ℎ)/𝑘B 𝑇)

𝑊 = 𝑑 ∫0

𝑑
2

(ℎ+ )2

dℎ

(3-5)

The non-retarded Hamaker constant for amorphous silica particles in water was
reported to be in the range of 1.6 to 4.8 zJ (10-21 J) from the Lifshitz theory, by using
either full spectral data, or the Tabor-Winterton approximation, or a single oscillator
model, or a simple spectral method.5, 7, 9 The silica density used in these calculations was
a little higher (by about 9%) than the density of the silica particles used here. Thus, the
effective Hamaker constants for our silica particles were adjusted by the density ratio to
1.5-4.4 zJ.4 𝑊-values were calculated for particles in water or aqueous NaBr solutions for
three values in the above range of the Hamaker constants; see Figure 4.9. For 0 ≤
𝑐NaBr ≤ 200 mM, the values of the surface potentials used were the experimental values
of the zeta potential. For 𝑐NaBr > 200 mM, the data on 𝜁 at𝑐NaBr = 200 mM were used.
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(a)

(b)

(c)

Figure 4.9 Fuchs-Smoluchowski stability ratios 𝑊 for the silica particles dispersed in
aqueous NaBr solutions at three values of the effective Hamaker constant 𝐴, 1.5, 3.0, and
4.4 zJ . The values of the surface potentials used were those determined from the
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measured 𝜁 potentials (see Table 4.1) for cNaBr = 0-200 mM (filled symbols); for 𝑐NaBr >
200 mM (open symbols), the 𝜁-potential values of 𝑐NaBr = 200 mM were used. The
particle diameters obtained from SEM used were. (a) For the 750 nm silica, 𝑑 = 748 nm;
(b) for the 505 nm silica, 𝑑 = 484 nm; (c) for the 350 nm silica, 𝑑 = 350 nm.

For the 750 nm particle in water, 𝑊 was very large, about 10107, for any value of 𝐴 in
this range, implying that the particles must be completely stable against coagulation; see
Figure 4.9(a). With increasing NaBr concentration, as the particle charges are screened,
𝑊 decreases dramatically, resulting in more rapid particle agglomeration, and depends
strongly on the chosen value of 𝐴. At 𝑐NaBr = 200 mM and for 𝐴 = 1.5, 3.0, and 4.4 zJ,
𝑊 = 1.2×10^34, 1.2×1018, and 4.6×107. At 𝑐NaBr = 1000 mM, 𝑊 drops to about 1 for
𝐴 = 3.0 or 4.4 zJ, indicating that the particles should agglomerate as fast as hard sticky
spheres. For 𝐴 = 1.5 zJ, W is much higher, 5.3×1014. These results are consistent with the
predicted potential energy barrier, 40 𝑘B 𝑇 for 𝐴 = 1.5 zJ and zero for 𝐴 = 3.0 or 4.4 zJ;
see Figure C.7. For the other particles, the 𝑊-values show the same trends; see Figure
4.9(b) and Figure 4.9(c).
The available methods for determining 𝐴 ignore many-body effects, retardation
effects, anisotropy of the dipoles, and other effects. Hence, the calculated values of 𝑊
seem to have little predictive value for silica, except for the trends with ionic strength. By
comparing the settling time estimated from the USS/fractal model with the calculated 𝑊values to the observed settling time, one might be able to estimate the possible values of
𝐴 for our systems.
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4.5.5

Comparison between modeling predictions and data

For the USS/fractal model, the sedimentation half times 𝑡s∗ for 𝑤 = 0.005 (𝜙1 =
0.0025) with various values of 𝑊 were calculated; see Figure 4.10. At 𝑊 = 1 and for the
750, 505, and 350 nm particles, 𝑡s∗ = 2.42, 2.93, and 3.47 h. The respective values of 𝑛
were quite high; 𝑛 ≅ 12, 55, and 163; moreover, 𝑑𝑛 ≅ 3000, 4500, and 5900 nm;
𝛥𝜌𝑛 =0.19, 0.069, and 0.034 g/cm3; and 𝜙𝑛 ≅ 0.013, 0.036, and 0.075, respectively.
When 𝜙𝑛 ≳ 0.05, cluster concentration effects, which are ignored here, may become
important. The density differences of the large clusters are much smaller than 𝛥𝜌1 ,
because the clusters are loose, and occlude a lot of solvent. Among the three particle sizes,
the 350 nm particles agglomerate the fastest to form the largest clusters, since they
collide more frequently than the larger ones. Those clusters occlude the most solvent and
hence they have the smallest Δ𝜌𝑛 -value and the largest 𝜙𝑛 -value. The size effects balance
somewhat the density effects. Hence, the 𝑡s∗-values differ from each other by less than the
𝑡s1 -values of 7.40, 17.45, and 33.36 h. At 𝑊 = 10 and for the 750, 505, and 350 nm
particles, 𝑡s∗ =4.59, 6.09, and 6.99 h; 𝑛 ≅ 3, 11, and 33; 𝑑𝑛 ≅ 1400, 1800, and 2600 nm;
𝛥𝜌𝑛 =0.49, 0.21, and 0.096 g/cm3; 𝜙𝑛 ≅ 0.0051, 0.012, and 0.026, respectively. As 𝑊
increases, the 𝑡s∗ -values increase. The particles form smaller clusters with higher density
differences. When 𝑊 is about 100, 1000, and 5000 for the 750, 505, and 350 nm particles,
𝑡s∗ -values reach the limit of 𝑡s1 , suggesting that a higher value of 𝑊 is needed to prevent
agglomeration for the smaller particles.

109

Figure 4.10 Predicted overall (or net) sedimentation half times are plotted with various 𝑊
for the 350 nm, the 505 nm, and the 750 nm silica particles at 𝑤𝑆iO2 = 0.005.

The sedimentation half times 𝑡s∗ predicted from the USS/fractal model are compared
to the experimental data 𝑡s in Figure 4.11(a)-(c). The measured zeta potentials and
several possible values of 𝐴 were used. For the 505 nm particles with 𝑤𝑆iO2 = 0.005 in
region I, the 𝑡s∗ value was fairly consistent with the experimental data of 18.3 h, and the
particles remained non-agglomerated during the sedimentation. For 𝑐NaBr = 0 or 50 mM,
it was found that 𝑡s∗ = 𝑡s1 = 17.4 h and 𝑑𝑛 = 𝑑1 = 484 nm for 𝐴 = 4.4, 5.2 and 5.8 zJ.
In region II, the 𝑡s∗ values were quite different from the observed data, which had large
error bars. The sedimentation half times were sensitive to the NaBr concentration and to
the chosen Hamaker constant value, and hence to the stability ratio. For 𝑐NaBr = 200 mM
and 𝐴 = 4.4, 5.2 and 5.8 zJ, 𝑡s∗ was found to be 17.5, 11.2 and 3.5 h, vs. the observed data
of 5.0 h. In region III, the model over-predicted the sedimentation half times, as expected,
but still indicated that the particles agglomerated rapidly, forming large clusters, and
settled rapidly. For 𝑐NaBr ≥ 400 mM, 𝑡s∗ = 2.4 h, twice the observed value, and 𝑑𝑛 ≈
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5700 nm, much larger than 𝑑1 . The 𝐴-value that best fits the data in all regions is about
5.2 zJ, which is out of the range of the reported values as adjusted. The reason is unclear,
but may be related in part to the underestimation of the agglomeration rate in the model.
The predicted trends of 𝑡s∗ in all regions were, however, similar to the experimental ones;
namely, a constant 𝑡s∗ ≅ 𝑡s1 in region I, a decrease in 𝑡s∗ with an increase in the ionic
strength in region II, and a small, nearly, constant 𝑡s∗ in region III. Similar results were
found for the 750 nm and 350 nm particles, with rough estimates of 𝐴 values which fit
the data of 5.8 zJ and 7.5 zJ, respectively; see Figure 4.11(a) and Figure 4.11 (c).

(a)

(b)
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(c)

Figure 4.11 For the 750 nm (b), the 505 nm (c), and the 350 nm (d) silica particles at
𝑤SiO2 = 0.005, the measured (black line) and the predicted (grey line) sedimentation half
times are plotted for various NaBr concentrations.

The sedimentation half times 𝑡s∗ for the 505 nm particles with various values of 𝑤𝑆iO2
and 𝑊 were calculated with the USS/fractal model. As 𝑤 increased, 𝑡s∗ decreased, and the
limit of 𝑊 where 𝑡s∗ approaches 𝑡s1 increased (Figure 4.12). This 𝑊-limit was about 300,
1000, 2000, and 5000 for 𝑤𝑆iO2 = 0.002, 0.005, 0.01, and 0.03. The results suggest that at
a given 𝑊 and at a higher 𝑤𝑆iO2 the particles tend to agglomerate and sediment faster;
hence a higher 𝑊 is needed for the particles to remain non-agglomerated at the higher
particle concentration. For 𝑤 = 0.002, 0.005, 0.01, and 0.03, and 𝑊 = 1, 𝑡s∗ = 3.87, 2.94,
2.40, and 1.60 h; 𝑛 ≅ 28, 55, 87, and 216; 𝑑𝑛 ≅ 3200, 4500, 5800, and 9600 nm; 𝛥𝜌𝑛 ≅
00.10, 0.069, 0.051, and 0.027 g/cm3; 𝜙𝑛 ≅ 0.0096, 0.036, 0.098, and 0.54. In this
example, the high predicted values of 𝜙𝑛 , 0.098 or 0.54 indicate that the predicted 𝑡s∗ -
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values may not be realistic without explicit consideration of particle volume fraction
effects.
The trend of 𝑡s∗ with 𝑤𝑆iO2 is consistent with the observed formation of the white
sediment layers, but does not account for the remaining particles in the turbid supernatant
layer; see Figure 4.5. This is because the sedimentation process in the model is assumed
to occur after the agglomeration process, during which the volume fraction is assumed to
remain uniform. The particle volume fraction decreases, however, after some particles
sediment. and Tthen the remaining particles agglomerate and sediment more slowly.

Figure 4.12 Predicted overall (or net) sedimentation half times are plotted as a function of
stability ratio 𝑊 for the 505 nm silica particles at various particle concentration 𝑤SiO2 =
0.002, 0.005, 0.01, and 0.03.

4.6

Conclusions

The sedimentation half times 𝑡𝑠 of monodisperse silica nanoparticles of diameters 𝑑
= 750, 505, and 350 nm, were measured for various particle weight fractions 𝑤𝑆iO2 in
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water, in ethanol, or in NaBr aqueous solutions of concentrations ranging from 50 to
1000 mM. The sedimentation half times of the suspensions of the 750, 505, and 350 nm
silica particles with 0.5 wt% in water or in ethanol are around 8 h, 18 h, and 33 h. These
values agree with the intrinsic sedimentation half times, 𝑡s1 , predicted from Stokes law.
These suspensions upon settling show a sharp front of an upper clear supernatant layer
and a lower uniformly-turbid layer. Hence the particles are monodisperse and remain so
during sedimentation, and the diffusion effects are negligible. In water, the suspensions
with 𝑤𝑆iO2 = 0.001 to 0.03 have clear fronts, and settle at the same rate. The
sedimentation half times are independent of 𝑤𝑆iO2 , implying that there are no significant
hydrodynamic or attractive interparticle interactions.
In NaBr solutions, the suspensions show three types of settling behavior at three
regions of NaBr concentrations. The ranges of the NaBr concentrations for each region
change with the particle concentration. In region I, at low NaBr concentrations, the
particles settle with a sharp front between a clear upper supernatant layer and a uniformly
turbid lower layer. The sedimentation times are the same as at no salt conditions. The
results suggest that the particles sediment before any significant agglomeration occurs. In
region II, the particles settle with a sharp or a diffuse front, and a non-uniformly turbid
lower layer. The sedimentation times decrease with increasing NaBr concentration, and
have large error bars, being sensitive to the NaBr concentration. This decrease is due to
the particle agglomeration induced by double layer screening effects, and hence the
sedimentation rates are strongly dependent on the agglomeration rates. At even higher
NaBr concentrations, in region III, 𝑡𝑠 is independent of the NaBr concentration. Some
particles sediment rapidly to form a distinct white layer at the bottom, while some
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particles remain unagglomerated, or agglomerate relatively slowly, to create a diffuse
front and a non-uniform suspension. In this region, the sedimentation half times are quite
close to each other for the three particle sizes than those in region I. The results suggest
that agglomeration is much faster than sedimentation, and the settling clusters are much
larger than the primary particles. Moreover, the effective density differences become
much smaller, and the volume fractions become much larger. In addition, the particle
concentration strongly affects the rate of particle agglomeration, and therefore the overall
rate of sedimentation.
Two new models are presented for dilute suspensions to predict the agglomeration
time, 𝑡a𝑛 , that it takes to form a cluster with 𝑛 primary particles. We examine four cases:
SS/compact, SS/fractal, USS/compact, and USS/fractal. The agglomeration times are
compared to the intrinsic sedimentation half times of that cluster, 𝑡s𝑛 , found from Stokes
law. At a certain cluster size of 𝑛 = 𝑛∗ where 𝑡a𝑛∗ = 𝑡s𝑛∗ , the net sedimentation half time
𝑡s∗ should be therefore roughly equal to 𝑡a𝑛∗ and 𝑡s𝑛∗ . Several simplifications and
assumptions are used in the models, in order to obtain analytical expressions for 𝑡an : (1)
only clusters of size 2𝑁𝑚 are considered; (2) the clusters are described by a fractal model;
(3) the particles do not settle during the agglomeration; (4) the agglomeration and the
sedimentation processes occur sequentially.

The models underestimate slightly the

agglomeration rate and provide an upper bound of the agglomeration time, and hence an
upper-bound of the net sedimentation half time. In the models, the clusters are described
with a fractal model with a fractal dimension, 𝑑f . We use two examples, 𝑑f = 1.8 for
loose clusters for diffusion-limited agglomeration, or 𝑑f = 3.0 in the limit of the most
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compact clusters, or the coalescence limit, even though the solid silica particles used here
do not coalesce.
The USS/fractal case should be the most accurate and the most relevant to our
experimental data. In region I, 𝑡s∗ is equal to 𝑡s1 . The particles remain non-agglomerating
while settling. In region II, 𝑡s∗ decreases with increasing NaBr concentration, and is
sensitive to the stability ratio 𝑊, which depends on the Hamaker constant and the NaBr
concentration. During the sedimentation, the particles form medium-size clusters, and
their sedimentation rates are strongly affected by the agglomeration rates. In region III, 𝑡s∗
is nearly constant and is independent of the NaBr concentration, since at a short time the
particles form large clusters which settle rapidly. Moreover, 𝑡s∗ decreases as the particle
weight fraction 𝑤 increases. Hence, at higher 𝑤𝑆iO2 , the particles agglomerate faster, and
then settle faster. Although the model provides only an upper bound for the
agglomeration time, and hence over-predicts somewhat the sedimentation half time, the
trend of the sedimentation half time with salt concentration is consistent with the trends
of the data. The models can be used in predicting the sizes of the clusters, their
agglomeration times, and their net sedimentation half times.
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5. EFFECT OF TRITON X-100 ON THE STABILITY OF TITANIA
NANOPARTICLES AGAINST AGGLOMERATION AND SEDIMENTATION:
A MASKED DEPLETION EFFECT

5.1

Abstract

The sedimentation half-times 𝑡s of suspensions of commercial polydisperse titania
particles in aqueous Triton X-100 (TX100) solutions with concentrations 𝑐TX100 ranging
from 0.05 to 250 mM were measured. Three regions of TX100 concentrations with
different settling behavior were observed. In region A, or for 𝑐TX100 below its cmc (ca.
0.24 mM in water at 25 ℃), the 𝑡s -values increased with the surfactant concentration. In
region B, or for cmc < 𝑐TX100 < 𝑐 ∗∗ , where 𝑐 ∗∗ was determined to be 20 mM
experimentally, the 𝑡s -values did not vary with the surfactant concentration. In region C,
or for 𝑐TX100 > 𝑐 ∗∗ , the 𝑡s -values increased because the viscosity of the micellar solution
increased with the concentration. The surface densities of TX100 molecules on the
particle surfaces were measured to probe the steric interactions resulting from the
adsorbed surfactants. The adsorbed densities on the particle surfaces, which are presumed
to be hydrophilic, were found to be much smaller than those on hydrophobic surfaces, as
expected. They would still induce strong steric interactions, preventing the particles from
agglomerating. No viscosity effect was observed in regions A and B. In region C, the
viscosity slowed down not only the particle sedimentation, but also the particle
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agglomeration, resulting in a weaker micellar depletion effect. The corrected half-times,
which are the measured half-times divided by the relative viscosities, decreased slightly
at the higher concentrations of about 160 mM in region C. This decrease suggests the
formation of particle-particle clusters, and unmasks the micelle-induced depletion effect.
In addition, the DLS data support our inference that those agglomerates, in region C, are
flocs, which can be deagglomerated with some mild agitation. Furthermore, we applied
one of our recently published models of sedimentation and agglomeration91 (see Chapter
5) to estimate the effective Fuchs-Smoluchowski stability ratio 𝑊 of the suspension
against flocculation; 𝑊 was found to be over 106 at 𝑐TX100 <160 mM and ca. 500 to
1000 at 𝑐TX100 >160 mM, supporting the hypothesis of a depletion-induced flocculation
which is masked by the solution viscosity.

5.2

Introduction

In colloidal suspensions, one may add surfactants or polymers as dispersants or
stabilizers to keep the colloidal particles from agglomerating, and then from faster
settling, by providing either electrostatic stabilization, or steric stabilization, or both. An
excess concentration of colloidal-size additives may, however, induce strong depletion
interactions between the larger colloidal particles, resulting in significant flocculation
(easily reversible agglomeration), and hence in faster particle settling. Attractive
depletion forces between the larger particles are caused by the exclusion of nonadsorbing
colloidal depletants, including nanoparticles, micelles, or polymers, from the gap between
the two approaching particles. The concentration difference of depletants between the gap
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and the bulk solution produces an unbalanced osmotic pressure, which yields a net
attractive force between the large particles.92
Depletion effects have been studied for over 100 years, and more extensively in the
last 30 years, both theoretically and experimentally.13,

16, 19, 92-94

Various materials,

including spherical rod-like or disk-like nanoparticles, polymers, polyelectrolytes, and
micelles, have been used as depletants.20-22, 24, 27, 83, 95-100 Much remains to be understood,
qualitatively and quantitatively, of their effects on agglomeration and how they may
induce faster sedimentation. The sedimentation caused by flocculation is used widely in
separation processes.101-105 For one example, Vandamme et al. has reported the use of
flocculation as a low-cost method for harvesting microalgae for bulk biomass
production.101 Much of the literature on depletion effects has focused on models for
describing the depletion forces quantitatively, the effects of the types of the particles and
depletants used, and their applications. To our knowledge, little work has been reported
focusing specifically on how those flocs affect qualitatively the sedimentation rate in
depletant solutions.27
In Chapter 3, we examined the effect of an anionic surfactant, sodium
dodecylsulfate (SDS), on the stability of suspensions with polydisperse titania particles
(𝑑TiO2 ≅ 280±100 nm) against agglomeration and sedimentation in water or in 100 mM
NaCl solution. The main motivation was to stabilize white pigments, i.e. titania particles,
against sedimentation, which would improve the use of white inks in ink-jet printers.
Based on the relative agglomeration and sedimentation rates, the suspensions were
categorized into three regions: (1) region 1, where 𝑐SDS < cmc, (2) region 2, where
cmc < 𝑐SDS < 𝑐 ∗ (𝑐 ∗ = 60 mM in water and 105 mM in 100 mM NaCl solution), and (3)
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region 3, where 𝑐SDS > 𝑐 ∗ . In region 1, with increasing surfactant concentration, the
particles became more stable against agglomeration, and in turn, more stable against
sedimentation, due to the increasing strength of electrostatic, and probably steric,
repulsive interactions. As the surfactant concentration reached the cmc, at which the
adsorption of the surfactant monomers on the particle surfaces was maximized, no
agglomeration occurred in the suspensions, since the repulsive interactions overcame the
attractive van der Waals (vdW) attractive interactions. Therefore, the particles settled
with their intrinsic settling rates and the sedimentation half-time 𝑡s , defined as the time
for nearly all the particles to settle by half height of the suspension, was about 45 h. In
region 2, the sedimentation half-time remained the same. The monomers and micelles did
not slow down further the sedimentation, nor did they induce significant particle
agglomeration that would have caused the faster sedimentation. In region 3, the high
concentration of the micelles induced significant depletion interactions between the
particles, yielding fast flocculation. Those flocs, or easily reversible agglomerates,
sedimented in much shorter times about 1 to 2 h.
In this chapter, we examine the effect of a nonionic surfactant, Triton X-100
(TX100), on the stability of the same titania particles in water against sedimentation and
agglomeration. TX100 molecule has a hydrophilic polyethylene oxide chain and an
aromatic hydrocarbon hydrophobic group. It is one of the most widely used nonionic
surfactants in many household and industrial products, as a dispersant or a wetting agent,
due to its biodegradability and its good performance across a broad temperature range.106108

By comparing the behavior of this nonionic surfactant with SDS, we observe many

qualitative and quantitative differences in several properties, including different
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sedimentation rates with increasing surfactant concentration (Section 5.4.1), larger
viscosity effects (Section 5.4.2), smaller surface densities of the surfactant adsorbed on
the titania particles (Section 5.4.3), and a worse initial dispersibility of the particles
(Section 5.4.4). Most importantly, a weaker depletion effect is inferred, which still results
in some flocculation. The depletion effect is not immediately apparent, however, because
it is masked by the high solution viscosity. To better understand the sedimentation time
data and establish this hidden depletion effect, we use the model of sedimentation and
agglomeration, which we published previously91 and presented in Chapter 4, to predict
the half-times of the sedimentation, and compare the predictions to the data.

5.3
5.3.1

Experimental methods

Materials and some key properties

Rutile titania particles were obtained from Huntsman, and were used as received.
They have a purity of 95 wt%, a nominal particle diameter of 260 nm and a density of
4.1g/cm3. The particles were characterized as detailed in Chapter 3. They were quite
polydisperse with diameters 𝑑 𝑇𝑖𝑂2 = 280±100 nm, as determined from SEM (scanning
electron microscope) images; see Figure 3.1. Ultrapure water was obtained from a MilliQ water system (from Millipore), which uses distilled water as input. Triton X-100
(TX100), which is a mixture of 4-t-octylphenoxyethoxyethanols with an average
molecular weight of 625 daltons (g/mole), was purchased from Sigma-Aldrich (MO,
USA) and was used without further purifications. Its chemical formula is
(CH3 )3 CCH2 C(CH3 )2 C6 H4 O − (CH2 CH2 O)𝑝 H with an average number 𝑝 of ethylene
oxide (EO) groups of 9.5. Its density is 1.065 g/cm3. The value of 𝑝 has a range of 3-18,
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and the most abundant components have an 𝑝 -value of 7-10.109 The critical micelle
concentration ( cmc ) in water at 25 ℃ is 0.23±0.01 mM, and the (average) micelle
aggregation number is report to be about 105.110-111 The partial specific volume in water
is 0.9125 mL/g at 20 ℃ (density =1.096 g/cm3 ).112 The micelles have been shown with
SANS (small angle neutron scattering) to have an oblate spheroidal shape with two equal
half axes 𝑎 = 𝑏 = 5.2 nm, and the third axis 𝑐 = 2.9 nm.113 These values include a
degree of hydration of 1.18 g of water per gram of surfactant. The hydrodynamic
diameter is about 8 nm in water at 25 ℃ for 𝑐TX100 ≤ 50 mM. The micelle size grows
with increasing concentration, temperature, and ionic strength; in addition, micelle
clusters may form at the higher surfactant concentrations.113-116

5.3.2

Method for preparing aqueous suspensions

The suspension media were aqueous TX100 solutions with various surfactant
concentrations 𝑐TX100 , from 0.05 to 250 mM, or equivalently 0.22 to 1087 times the cmc.
Titania suspensions were prepared with 1 wt% titania particles in aqueous TX100
solutions by adding the pigment particles to each suspension medium. Each suspension
was first shaken by hand, and then stirred magnetically for 30 min , followed by
sonicating for 3 h in a Branson 3510 sonication bath at a frequency of 40 kHz. All the
samples were prepared at room temperature, which was 25±2 ℃.

5.3.3

Sedimentation half-times of titania particle suspensions

The stability against sedimentation was monitored visually by measuring the height
ℎ(t) of the moving front of a nearly-clear supernatant top layer against a lower white
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suspension, as the particles settled. The half-time of sedimentation (𝑡s ) was determined,
for a standard sample with an initial height of 1 cm, at a front height of ℎ = 0.5 cm.27 All
experiments were done at room temperature.

5.3.4

Viscosity measurements

The viscosities of the suspension media were measured with a series of calibrated
Cannon-Fenske viscometers (no. 25, no. 50, no. 100) at 25 ℃. The series of viscometers
are suitable for viscosity values of 0.5 to 15 cP. At least five measurements were done for
each sample, and the averages and the standard deviations were calculated.

5.3.5

Dynamic light scattering (DLS) measurements

The average hydrodynamic diameter, 𝑑h , of the titania particles was measured at
25 ℃, with a Brookhaven ZetaPALS dynamic light scattering instrument. The
wavelength used in the measurement was 659 nm, and the scattering angle was 90°. The
suspension was first homogenized gently by hand, and then diluted with the respective
suspension medium or with water to a weight fraction of 5x10-6 (0.0005 wt%). The
dilution was needed to avoid excessive light scattering.

5.3.6 Surfactant adsorption studies
The adsorbed densities of TX100, 𝛤TX100 , on the titania particles at 25 ℃. were
determined as follows. The particles were equilibrated with a TX100 solution, which had
surfactant concentrations ranging from 0.02 to 0.98 mM, for at least 24 h. Then, the
suspensions were centrifuged at ca. 18,000 𝑔0 , where 𝑔0 = 9.8 m/s2, for 30 min with a
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Beckman Coulter Microcentrifuge until there were few or no particles left in the
supernatant, as confirmed visually and with DLS data. The final TX100 concentration,
𝑐TX100,f, in each supernatant solution was determined by using a Cary 300 UV-visible
spectrophotometer at a wavelength of 274 nm. The 𝑐TX100,f -values were then used to
calculate the steady-state adsorption surface densities of TX100 with specific surface area
of 12.2 m2/g obtained from BET (Brunauer-Emmett-Teller) method.

5.4
5.4.1

Experimental results and discussion

Effect of Triton X-100 concentration on sedimentation half-times

The sedimentation half-times, 𝑡s , were measured for the suspensions of 1 wt% titania
particles as a function of the TX100 concentration, 𝑐TX100; see Figure 5.1. Three regions
were identified. In region A, for 𝑐TX100 < cmc, the half-time increased with increasing
TX100 concentration from 2±1 h to about 30±9 h. In this region, the surfactant played a
major role in slowing down the sedimentation, probably by stabilizing the particles
against some agglomeration.27, 91 We previously showed in the SDS study, however, that
if these polydisperse titania particles were non-agglomerating, they will have a maximum
half-time of around 45±2 h. The smaller maximum half-time and its larger standard
deviation observed in this study may be due to a poorer dispersibility provided by TX100
molecules. Some evidence from DLS data support this inference; see Section 4.4.4. Thus,
for this surfactant, the reference maximum half-time is 30 h. In region B, for cmc <
𝑐TX100 < 𝑐 ∗∗ , where 𝑐 ∗∗ was found to be around 20 mM, the value of 𝑡s varied little with
surfactant concentration, remaining constant at about 30 h. The TX100 monomers and
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the micelles played no role in either slowing down or accelerating the particle
sedimentation, as observed and identified in region 2 in the SDS study.
In region C, for 𝑐TX100 ≥ 𝑐 ∗∗ , the half-time increased with increasing surfactant
concentration from about 30 h at 𝑐TX100 = 20 mM to about 142 h at 𝑐TX100 = 250 mM.
The presence of excessive concentrations of TX100 micelles seems to provide a strong
resistance against particle sedimentation. This behavior differs from what was observed
at high micelle concentrations, or region 3, in the SDS study, in which we observed that
the SDS micelles introduced strong attractive depletion interactions and destabilized the
particles to form large flocs, which settled in 1 to 2 h. By contrast, there was no readily
apparent depletion effect arising from the TX100 micelles at high micelle concentrations.
Initially, and given the observed behavior in region C, one may infer that depletion
effects are non-existent, or at least unimportant, for these nonionic surfactant micelles.
This conclusion, however, contradicts various literature results for this nonionic
surfactant with other types of particles. Ma reported a depletion destabilization of the
suspensions with polystyrene particles with diameters of 795, 562, or 300 nm at
𝑐TX100 ≅ 20, 40, and 50 mM, respectively, at 30 ℃ , as determined with UV-Vis
spectrophotometry.89 Degiorgio et al. also observed settling of some polystyrene latex
particles, dispersed in aqueous TX100 solutions, resulting from the micelle-induced
depletion effects.113 It is noted, however, that our initial analysis of the sedimentation
times does not take into account the effects of viscosity. We now examine possible
viscosity effects by measuring the viscosity of the suspension media.

125

Figure 5.1. Effect of Triton X-100 concentration on the half-time of sedimentation,
region A, 0 < 𝑐TX100 < cmc, where cmc = 0.24 mM; region B, cmc < 𝑐TX100 < 𝑐 ∗∗ ,
where 𝑐 ∗∗ = 20 mM; region C, for 𝑐TX100 > 𝑐 ∗∗ . Close squares: actual data of
sedimentation half-times 𝑡s ; open blue triangles: corrected sedimentation half-times 𝑡sI ;
open red diamonds: secondarily-corrected sedimentation half-times; see text for details
and Figure 5.2 for viscosity data. The lines are aimed to aid the eye.

5.4.2

Viscosity measurements of aqueous Triton X-100 solutions

The viscosity 𝜂 of aqueous TX100 solutions was found to increase significantly with
increasing concentration of TX100, 𝑐TX100; see Figure 5.2(a). For 𝑐TX100 < cmc (region
A), the viscosity increases by less than 2% compared to that of water. Hence, the
observed increase in the sedimentation half-times in this region is not due to any viscosity
effect. In region B, the viscosity increases by up to 7%, compared to that of water, at
𝑐TX100 = 20 mM. No corresponding half-time increase was observed, and the slight
viscosity effect could be masked by the uncertainty, or the standard deviation, of the data.
But, for 𝑐TX100 > 20 mM (region C), the viscosity increases significantly, from 0.93
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mPa∙s at 𝑐TX100 = 20 mM to 6.55 mPa∙s at 𝑐TX100 = 250 mM. This substantial increase
in viscosity should lead by itself to a larger observed sedimentation half-time, since 𝑡𝑠 for
non-agglomerating particles (at dilute condition) is given by the following equation.4
𝑡s = 𝐿/2𝑣sed = 9𝜂𝐿/𝑑 2 𝛥𝜌𝑔

(5-1)

where 𝑣sed is the settling velocity predicted from Stokes law, or Eq. (1-7), 𝐿 is the height
of the sample suspension, 𝑑 is the diameter of the particles, 𝜂 is the viscosity of the
suspension medium, and 𝛥𝜌 is the density difference between the particle and the
suspension medium. The density of the suspension medium changes little with surfactant
concentration. Therefore, the density difference can be presumed to be constant for a
non-agglomerating particle. If 𝐿, 𝑑, and Δ𝜌 are constant, then Eq. (5-1) indicates that the
value of 𝑡𝑠 /𝜂 should be constant as well.
In order to examine quantitatively the viscosity effect on the sedimentation half-time,
we corrected the half-times by dividing them by the ratio of the viscosity of the
respective suspension medium to that of water 𝜂w , and then the corrected half-times 𝑡sI is
given by
𝜂

𝑡sI = 𝑡s ( 𝜂w )

(5-2)

For regions A and B, the viscosity effect is negligible, as 𝑡𝑠𝐼 ≈ 𝑡𝑠 ; see Figure 5.1. In
region C, the corrected half-times are about 38±5 h for 𝑐TX100 up to 160 mM, suggesting
that no agglomeration may have occurred and that the slower sedimentation is mainly due
to a viscosity effect. At higher concentrations, ranging from 160 to 250 mM, 𝑡sI decreases
to about 20 h, implying the formation of agglomerates, which settle faster. Some type of
additional attractive interaction should be responsible for their formation. We postulate a
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micelle-induced depletion interaction, which is evidently masked by the higher viscosity,
and that the agglomerates are flocs, which can be easily de-agglomerated with some mild
agitation. The effect of such interaction may be, however, less pronounced than the one
observed with the SDS micelles.27
The viscosity can slow down not only the particle sedimentation, but the particle
agglomeration, since the agglomeration rate constant is inversely proportional to the
viscosity and, in turn, the agglomeration time is directly proportional to the viscosity, as
shown in Section 4.5. Hence, a second correction of the half-times may be needed for
taking into account the viscosity effect on the particle agglomeration. We corrected,
thereafter, the corrected half-times again by the same factor, the ratio of the viscosity of
the respective suspension medium to that of water, and the secondarily-corrected halftimes are denoted as 𝑡sII .
𝜂

𝜂

2

𝑡sII = 𝑡sI ( 𝜂w ) = 𝑡𝑠 ( 𝜂w )

(5-3)

For 𝑐TX100 < 160 mM, 𝑡sII -values and 𝑡sI -values are about the same, suggesting that the
viscosity has little or no effect on the particle agglomeration; see Figure 5.1. For
𝑐TX100 ≥ 160 mM, 𝑡sII decreases with the surfactant concentration. The particle
agglomeration seems to be occurring at such concentrations, but at a slower rate, because
of the relative high viscosities. In other words, if the particle agglomeration had not been
impeded by the relative high viscosities, then larger flocs would form and settle faster.
Based on these analyses of the viscosity effects, we infer that the depletion effects
induced by the TX100 are mostly masked by the effects of the viscosity of the suspension
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medium, since the viscosity slows down the rates of both sedimentation and
agglomeration.
For examining the shapes, the sizes and the volume fraction of the micelles, the
relative viscosity 𝜂r = 𝜂/𝜂s is calculated, where 𝜂𝑠 is the viscosity of the continuum
phases, and is taken to be equal to the viscosity of water for region A and of that at the
cmc for regions B and C, and compared to various model equations. The model equations
include the Einstein relation, the generalized equation for high volume fractions, and the
Krieger & Dougherty equation for even higher volume fractions. In these calculations,
the TX100 micelles were treated as “dispersed colloids.” To estimate the volume fraction
of the micelles 𝜙m , we used the literature values of the average aggregation number 𝑛a of
105 and of the hydrodynamic diameter of 8 nm, in which the substantial hydration of the
micelles head group is included.112,

115

These constant values were used for a first

approximation, since the actual values should increase with the surfactant concentration.
The surfactant density is taken to be 1.096 g/cm3, calculated from the literature value of
its partial specific volume in water. Then we find
𝜙m = 𝑉m 𝑁A (cTX100 − cmc)/𝑛a ≅ (𝑉m 𝑁A /𝑛a )𝑐TX100

(5-4)

where 𝑉m represents the volume of a single spherical micelle, and 𝑁A is Avogadro’s
number. The micellar solution has a volume fraction of 0.1 at a concentration of 65 mM,
and is quite concentrated at concentrations of 250 mM with 𝜙m = 0.38; see Figure 5.2(b).
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(a)

(b)

Figure 5.2. (a) Relative viscosities of aqueous Triton X-100 solution as a function of the
surfactant concentration, and predictions from the model equations. (b) Volume fractions
of the Triton X-100 micelles as a function of the surfactant concentration.

The generalized Einstein relation, Eq. (5-5), is used as the first model for predicting
the relative viscosities. It is valid for particles with relative low concentrations or volume
fractions well below 0.1, above which there are significant interparticle hydrodynamic
interactions.4, 117
𝜂r = 1 + [𝜂]𝜙m

(5-5)
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where [𝜂] represents the intrinsic viscosity which is equal to 2.5 for spherical particles.
Generally, for many actual dispersions, [𝜂] is a fitting parameter based on the shape but
not the size of the particles, and it is taken to be 3.2 for an oblate spheroid with an axial
ratio of 2.0, from the Simha theory.4 For higher volume fractions, the effect of particle
crowding should be considered. The general empirical equation of relative viscosity as a
function of volume fraction of the dispersed particles is4
𝜂r = (1 − 𝜙m )−[𝜂]

(5-6)

Equation (5-6) reduces to the Einstein relation as 𝜙m → 0. No upper limit for 𝜙m is
accounted for in Eq. (5-6), which is derived under the assumption that the volume
fraction can be up to 1.4 To account for the maximum allowed value of 𝜙m , or 𝜙max , the
following empirical equation has been proposed by Krieger and Dougherty,4, 117
𝜙m

𝜂r = (1 − 𝜙

max

−[𝜂]𝜙max

)

(5-7)

where 𝜙max is taken to be 0.64 for a random close-packing of spheres in the calculation.4
The predictions form these three model equations, Eqs. (5-5), (5-6), and (5-7), for
[𝜂] = 2.5 or for [𝜂] = 3.2. are shown in Figure 5.2(a). The predictions from the Einstein
relation fit the data for 𝑐TX100 up to around 50 mM for both shapes, and underestimate the
data significantly at higher concentrations, at which the data follow the trends predicted
from Eqs. (5-6) and (5-7) for either shape. The Krieger-Dougherty equation with
[𝜂] =3.2 fits the data the best, especially at concentrations above 160 mM, where 𝜙m >
0.25. The small discrepancies may be attributed to some interactions among the micelles,
or to the effects of increasing micelle sizes or aggregation numbers at higher
concentrations. From the comparisons between the data and the predictions, one may
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infer that the TX100 micelles should indeed have an oblate spheroidal shape with an axial
ratio of 2.0, as reported,113 and would induce stronger depletion interactions than the ones
induced by micelles if they were spherical.92

5.4.3

Surface densities of Triton X-100 adsorbed on the titania particles

The surface densities of TX100 molecules were measured for initial concentrations
ranging 𝑐TX100 from 0.02 to 0.98 mM, which led (after adsorption) to final concentrations
ranging from 0.0001 to 0.89 mM; see Figure 5.3. For 𝑐TX100,f < 0.1 mM, the surface
density remains low, with values below 0.002 μmol/m2, suggesting that little surfactant
adsorbs on the particle surfaces. It increases to 0.015 μmol/m2 at 𝑐TX100,f = 0.14 mM,
and then remains constant, to form a first plateau, as 𝑐TX100,f reaches the cmc . For
𝑐TX100,f > cmc, the surface density increases again and reaches a second plateau with a
value of 0.64 μmol/m2 at 𝑐TX100,f = 0.40 mM. A Type IV adsorption isotherm was
observed. Such isotherms are found for the adsorption of nonionic surfactants from
solution onto hydrophilic solid surfaces.118-119
The (minimum) area per molecule 𝐴m can, then, be calculated from the maximum
surface density of 0.64 μmol/m2, where 𝐴m ≡ 1/(𝑁A 𝛤max ). This value is about 250
Å2/molecule, which is larger than the area per TX100 molecule for hydrophilic particles
reported in the literature.94, 109, 120 Dong et al. reported a value of 𝐴m = 65 Å2/molecule
for hydrophobic CuPc particles and a larger value of 121 Å2/molecule for less
hydrophobic CuPc particles, the surfaces of which have some sulfonate groups.109 Cano
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Figure 5.3. Surface densities of Triton X-100 adsorbed on the titania particles as a
function of final surfactant concentration after reaching adsorption equilibrium; the
vertical dashed line indicates the CMC.

et al. reported values of about 50-75 Å2/molecule for various types of hydrophobic
polystyrene particles with different functionalities.120 The smaller 𝐴m -values, or larger
𝛤max -values, for hydrophobic surfaces, could be explained as follows (Figure 5.4(a)). The
phenyl group of the TX100 molecules may adsorb on the hydrophobic surfaces with the
hydrophilic EO chains extended in the aqueous phase, resulting in a packed monolayer.
This conformation of TX100 molecules would yield a 𝛤max -value of about 2.5-3.3
μmol/m2 and a 𝐴m -value of about 50-75 Å2/molecule, close to the 𝐴m value of 48-55
Å2/molecule for the air-water interface. By contrast, for hydrophilic surfaces, such as
those in this study, the high flexibility of the EO chains may yield different surfactant
layer conformations, in which the EO chains may be in direct contact with the surfaces.
Then, they would no longer extend into the aqueous phase but lie flat on the surface,
resulting in a smaller surface density; see Figure 5.4(b). A cooperative effect, of a
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surface-aggregation-type, may also occur, preventing the hydrophobic phenyl groups of
the first layer from being in contact with water. The EO chains in the second layer might
also have a “mushroom-type” conformation (see Figure 5.4), since the water is a good
solvent for them. The adsorbed TX100 molecules, either monomers or hemi-micelles,
could provide some steric protection against particle coagulation, and allow for the
behavior observed in region B in Figure 5.1.

(a)

(b)

Figure 5.4. Schematic illustration of the conformations of Triton X-100 molecules on (a)
a hydrophobic surface, or (b) a hydrophilic surface, a mushroom-type confirmation; see
text for details.
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5.4.4

DLS results on dispersibility and stability against coagulation or flocculation

DLS measurements were used to assess the dispersibility of the particles (the ability
of the particles to be dispersed with the mixing protocol used) and the suspension
stability against coagulation or flocculation. The hydrodynamic particle sizes 𝑑h in
aqueous TX100 solutions for 𝑐TX100 = 0.20, 0.96, 1.5, 45, 90, and 250 mM, were
measured 5 min and 96 h after sample preparation. The measurements were done after
the dilution, which was made in water. At 5 min, for all the concentrations examined, the
initial particle sizes were around 310±100 nm, slightly larger than the primary particle
size (Figure 5.5). The dispersibility in aqueous TX100 is better than in water but worse
than that in aqueous SDS solutions.27 The slightly larger initial size accounted for the
smaller half-time compared to the ones in SDS solutions. By using the polydisperse
model based on the Mason-Weaver equation, which was presented previously in Section
2.6,27 the average effective diameters from the measured half-time was estimated to range
from 140 to 480 nm , which is in fair agreement with the DLS data. The little
discrepancy might be due to having non-spherical particle shapes and high polydispersity,
both of which result in errors in the DLS measurements.
At 96 h , for 𝑐TX100 = 0.20 mM, the particles agglomerated, with cluster sizes
exceeding the measurable size range of the DLS technique. For 𝑐TX100 = 0.96 and 1.5
mM (in region B), the particles underwent some coagulation, and formed clusters with
diameters of about 620 and 553 nm. The data suggest that the stability against
coagulation improved with increasing surfactant concentration. However, the half-time
remains constant with increasing surfactant concentration, which indicates that the
particles settle before significant agglomeration has chance to occur.91 At 𝑐TX100 = 45
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and 90 (in region C), the hydrodynamic diameters did not change at 96 h, indicating good
stability against coagulation in this time scale. The results imply that the presence of the
micelles plays an important role in slowing down particle coagulation, which may arise
from the enhancement of the repulsive steric interactions or from the increase of the
viscosity. The viscosity increase slows down the Brownian or diffusive motion of the
particles and therefore reduces the probability of the particle collisions. At 𝑐TX100 =250
mM, the 𝑑h -value remained constant at 96 h, suggesting that the particles are stable
against coagulation, as observed at other concentrations in region C. The agglomeration,
inferred by the decrease in the corrected half-times (Section 5.4.2), is reversible, and
therefore it involves flocculation, rather than coagulation.

Figure 5.5. The hydrodynamic diameter dh of the titania particles in aqueous Triton X100 solutions 5 min (black bars) and 96 h (grey bars) after sample preparation. The DLS
measurements were done after the dilution, which was made in water.
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On the basis of the available evidence discussed above, we can conclude that: (i) in
region A, the particles are unstable against coagulation, and then the agglomeration and
the sedimentation time scales are comparable; (ii) in region B, the particles would
undergo little coagulation or flocculation before they settle out, and (iii) in region C, the
particles are stable against coagulation, but, at the higher concentration in this region,
somewhat unstable against flocculation.
To examine the effects of the TX100 micelles on the formation of the flocs at the
higher concentrations in region C, we diluted the suspensions with 𝑐TX100 = 250 nm in
its suspension medium at 5 min after sample preparation, and kept the diluted sample still
in the DLS instrument. The hydrodynamic diameter was, then, tracked for about 66 h; see
Figure 5.6. The particle sizes remained the same for 70 h, suggesting that, in the diluted
suspension, no significant agglomeration (flocculation) occurred. The dilution of the
particle concentration may reduce the probability of the particle collisions, and may lead
to a much weaker depletion effect than that for the original undiluted suspension.
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Figure 5.6. The hydrodynamic diameter 𝑑h of the titania particles in 250 mM Triton X100 solutions vs time, in highly diluted suspensions.

5.5

Half-times predicted from the agglomeration and sedimentation model

So far, we have inferred that, at higher concentrations in region C, depletion-induced
flocculation occurs but is masked by the high solution viscosity, which lowers both the
sedimentation rate and the agglomeration rate. To model the flocculation induced by the
depletion effects, we need to calculate the total potential energy of interparticle
interactions, including the van der Waals (vdW) potential, the electrostatic potential, the
steric potential, and the depletion interaction between the particles. One goal is to seek
for the presence of a secondary potential energy minimum, which may cause flocculation,
as was done previously,27 and calculate the effective Fuchs-Smoluchowski stability ratio
𝑊 against flocculation. Several parameters needed for such calculations are not known
accurately, or are unknown: the effective Hamaker constant, the effective surface
potential, the hydrodynamic diameter of the micelles, the thickness of the adsorbed
surfactant layer, and the effective volume fraction of surfactant in the adsorbed layer,
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which determines the steric interaction and may be non-uniform. Small variations of
these values dramatically affect the predictions of the Fuchs-Smoluchowski stability ratio
and the prediction of a secondary energy minimum. Because of these difficulties, we
present a different approach to search for possible depletion effects that yield the masked
or hidden flocculation at the higher concentrations in region C, by applying the new
model of sedimentation and agglomeration that we published recently and presented in
Chapter 4.91
The model is used for predicting an upper bound of the net half-time of
sedimentation for an initially monodisperse suspension, where particles settle without or
USS
with agglomeration, which changes their sizes.91 The agglomeration times 𝑡a𝑛
in the

model are calculated based on the unsteady-state diffusion (USS) model of agglomeration
USS
and depend on the stability ratio 𝑊. The time 𝑡a𝑛
for monomers with a diameter of 𝑑1

and a volume fraction of 𝜙1 to form n-mers, or specifically 2𝑁m -mers, is derived in
Chapter 4 and reference [104] and is given by the equation

𝑝=𝑁 −1

USS
𝑡a𝑛
= 𝜏1 ∑𝑝=0 𝑚

3𝑝
𝑑f

[(2

1

+

2
𝑡 𝑆𝑆
2𝑝 𝜏a2 𝑊)
1

2
3𝑝
2𝑑f

−2

]

(5-8)

where 𝑑f represents the fractal dimension of an 𝑛 -mer, which is taken to be 1.8 for
diffusion-limited agglomeration, 𝜏1 is the characteristic diffusion time of a monomer and
given by
3𝜂𝑑13

𝜏1 = 2𝑘

B𝑇

(5-9)

SS
and 𝑡a2
is the time for monomers to form dimers in the steady state model of

agglomeration and given by Eq. (3-8).
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SS
𝑡a2
= (100 − 1)

𝜋𝜂𝑑13

(3-8)

16𝜙1 𝑘B 𝑇

The cluster sizes 𝑑𝑛 and the densities different between the clusters and the suspension
medium Δ𝜌𝑛 are estimated from a fractal model, as done in Chapter 3.
𝑑n = 𝑑1 (𝑛)1/𝑑f
𝑑

∆𝜌𝑛 = ∆𝜌1 ( 𝑑𝑛 )
1

(3-6)
𝑑f −3

3
𝑑f

1−

= ∆𝜌1 (𝑛)

(3-7)

The intrinsic sedimentation half-time of that cluster, 𝑡s𝑛 , can then be predicted by Stokes
law, Eq. (1-7). Both 𝑡a𝑛 and 𝑡s𝑛 depend on the number of monomers 𝑛 in a given cluster.
As 𝑛 increases, 𝑡a𝑛 increases, while 𝑡s𝑛 decreases. When 𝑡a𝑛 and 𝑡s𝑛 are about equal,
which should occur for some cluster size 𝑛 = 𝑛∗ , the net or measured sedimentation halftime 𝑡s∗ should be roughly equal to 𝑡a𝑛∗ and 𝑡s𝑛∗ .
As described, the model cannot be applied to suspensions with initially
polydisperse sizes. The actual system contains particles with an average diameter of 310
nm and volume fraction of 𝜙 = 0.0025. The system is quite polydisperse, with the
smallest particles having a diameter of 140 nm and a volume fraction of 𝜙 = 0.0001. We
consider two simpler cases to estimate the overall sedimentation behavior and the
sedimentation half-times of such a system: (a) an initially monodisperse system of hard
spheres with a diameter 𝑑1 = 310 nm and a particle volume fraction, 𝜙1 = 0.002, but no
other particles; (b) an initially monodisperse system of 𝑑1 = 140 nm, and 𝜙1 = 0.0001.
Since, in the previous study, we concluded that the sedimentation is mainly controlled by
the smallest particles (see Sections 3.5 and 3.7), case (b) seems to be the most relevant
for our data. The model predictions of the half-times for various values of the stability
ratio are shown in Figure 5.7. For 20 mM ≤ 𝑐TX100 < 160 mM, the experimental data

140
appear to fit the predictions for a stability ratio 𝑊 of over 106, implying insignificant
rates of agglomeration. For 𝑐TX100 ≥ 160 mM, the predictions for lower 𝑊 -values,
around 100 to 500, fit the experimental data better, suggesting that the reason for faster
agglomeration may be depletion interactions. This mechanism seems to be a plausible
explanation for the lower values of 𝑡sII in Figure 5.1. It suggests that the surfactant or
micelle concentration would not change much the vdW attractive interactions and the
possible electrostatic interactions, but would enhance the steric repulsive interactions.
The 𝑊-values should increase if there were no other attractive interactions involved.

𝟓𝟎𝟎

𝟏𝟎𝟎
𝑾 = 𝟏𝟎𝟔 𝐨𝐫 → ∞

Figure 5.7. The measured sedimentation half-times in region C and the predicted halftimes from the agglomeration and sedimentation model with various Smoluchowski
stability ratios 𝑊 as indicated.

5.6

Conclusions

The sedimentation half-times 𝑡s of the titania particles with diameters of 280±100
nm were found to increase, from 1 to 30 h, with TX100 concentration up to the cmc
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(region A). This increase results from the increasing surfactant adsorption, which may
produce steric repulsive interactions for overcoming the vdW attractive interactions and
then preventing the particles from agglomerating. The adsorbed densities of TX100
molecules on the particle surfaces, which are hydrophilic, were much smaller than those
of the ones adsorbed on hydrophobic surfaces,94,

109, 120

probably because the TX100

molecules lay flat on hydrophilic surfaces instead of forming close-packed structures.
Furthermore, the maximum surface density of TX100 molecules is 17 times smaller than
the one determined for SDS molecules on the same surfaces. This difference could
account for the worse dispersibility for TX100 compared to SDS.27 For concentrations
above the cmc, but below 20 mM (region B), the half-times remained constant. In this
concentration range, the TX100 micelles affected neither the rates of sedimentation nor
the rates of agglomeration.
At 𝑐TX100 > 20 mM (region C), the half-times increased substantially, from 30 to
about 140 h at 𝑐TX100 = 250 mM, primarily because of the higher solution viscosity. For
examining the viscosity effect on the sedimentation quantitatively, the half-times were
corrected by the ratio of the viscosity of the respective suspension medium to that of the
water, and denoted as 𝑡sI . The 𝑡sI -values remained constant at 20 mM < 𝑐TX100 < 160 mM.
For 𝑐TX100 ≥ 160 mM, a small decrease in 𝑡sI -value was observed, suggesting the
formation of agglomerates, which settled faster. We postulate that the micelle-induced
depletion interaction is responsible for the formation of these clusters, and these clusters
are easily reversible agglomerates, or flocs. This depletion effect is, however, masked by
the effect of the solution viscosity, which not only slows down the sedimentation, but
also decreases proportionally the agglomeration rate. For considering the viscosity effect
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on the particle agglomeration, a secondarily-corrected half-time 𝑡sII was calculated, by
dividing 𝑡sI by the ratio of the viscosity of the respective suspension medium to that of
water. The 𝑡sII -values suggest that there is little or no effect of viscosity on the particle
agglomeration for 𝑐TX100 < 160 mM, but some effect for 𝑐TX100 ≥ 160 mM. Furthermore,
the viscosity data are fairly consistent with the predictions from the Krieger-Dougherty
equation for hydrated micelles with an intrinsic viscosity of 3.2, indicating plausibly an
oblate spheroidal micelle shape with an axial ratio of 2.0.
From the DLS data, we can conclude that the dispersibility in aqueous TX100
solution is better than the one in water but worse than the one in aqueous SDS
solutions,27 in which the particles are dispersed well and their hydrodynamic diameters
are similar with the nominal primary particle sizes, obtained from SEM. In region B, the
particles settle with little or no agglomeration, but they undergo some coagulation after
settling out, because of the much higher particle concentration in the sediment. In region
C, the particles are quite stable against coagulation, but, at higher concentrations above
160 mM, somewhat unstable against flocculation.
The new model of sedimentation and agglomeration (see Chapter 4) has been applied
for estimating the possible effective Fuchs-Smoluchowski stability ratio 𝑊 against
flocculation for region C. By fitting the sedimentation half-times to the model, a large
stability ratio 𝑊 above 106 was found for 𝑐TX100 < 160 mM, but a much smaller value,
around 100 to 500, for the higher concentrations. Since the vdW attractive interactions
and the possible electrostatic repulsive interaction should vary little with the surfactant
concentration, the decrease in the stability ratio should be due to additional attractive
interactions, which depend strongly on the surfactant concentration. The micelle-induced
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depletion interactions seem to be plausible, and can account for the low 𝑡𝑠𝐼𝐼 values. These
depletion effects, however, are hidden, or masked, by the effects of the viscosity of the
suspension medium. These higher viscosities at the higher micelle concentration slow
down not only the sedimentation, but the depletion-induced agglomeration process,
which would otherwise accelerate the sedimentation.
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6. USE OF CLOSE-PACKED VESICULAR DISPERSIONS TO STABILIZE
COLLOIDAL PARTICLE SUSPENSIONS AGAINST SEDIMENTATION

6.1

Abstract

For many applications of colloidal suspensions, the particles must be suspended for a
long time. This is often accomplished by preventing agglomeration, which generates
agglomerates or clusters of increasing sizes. Nevertheless, many colloidal suspensions of
dense particles may settle even without agglomeration. Preventing sedimentation without
significantly increasing the bulk suspension viscosity is difficult and has received little
attention in the literature. Settling can be, however, drastically reduced through the novel
use of close-packed vesicular dispersions, which form at high enough concentrations and
are non-Newtonian shear-thinning fluids. Such dispersions have much higher viscosities
at the low shear stresses “felt” by sedimenting colloidal particles than at the high shear
stresses relevant to bulk dispersion flow. In a practical example, dense titania
nanoparticles which normally would settle rapidly can remain suspended for at least 6
months without any observable sedimentation when they are introduced into a closepacked vesicular dispersion, while the suspension retains its flowability. Cryo-TEM
images reveal that the vesicles in these dispersions are tightly close-packed. Dynamic
light scattering and electrophoretic mobility data also confirm that the vesicles in such
dispersions have very low mobilities.
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6.2

Introduction

This chapter is based on the results published in Yang et al. (2015), and is
reproduced in part with permission from the American Chemical Society.
The most common problem in colloidal science is how to stabilize the suspended
colloidal particles or nanoparticles against agglomeration by controlling their interparticle
forces.4, 62, 76 If the particles agglomerate, the sizes of the resulting agglomerated particles
increase, resulting in rapid sedimentation, and the suspensions are unstable. Since many
suspensions are key components of various coating applications, such as inks and paints,
preventing sedimentation and suspension inhomogeneities is crucial, as they could lead to
poor quality of coatings and to problems in coating processes. In some cases, preventing
agglomeration in the dispersed states is less important, since the particles may
agglomerate after the coating is applied and dried.
Strategies for preventing sedimentation, whether or not agglomeration occurs, are
particularly important for suspensions containing high density particles. Such suspensions
have received much less attention in the literature. One practical example is an aqueous
suspension of titania particles, which have a density difference of Δ𝜌 = 3.2 g/cm3 above
that of water and are the main component of various white ink formulations. To generate
inks of good optical quality, the diameter 𝑑 of these particles is chosen to be around 300
nm. Even if agglomeration is prevented, these titania particles still sediment in water at a
rate of 1 cm in about 15 h.
The degree of sedimentation of dispersed particles at steady state depends on the
gravitational Peclet number, 𝑃𝑒g , which is defined as the ratio of the sedimentation rate
to the diffusion rate,
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𝑃𝑒g ≡

𝑣sed 𝑐
𝐷𝑐 ⁄𝐿

= 𝜋𝑑3 ∆𝜌𝑔𝐿⁄6𝑘B 𝑇

(1-8)

For Δ𝜌 = 3.2 g/cm3, 𝐿 = 1 cm, 𝑇 = 298 K, and 𝑑 = 300 nm, 𝑃𝑒g ≈ 1000. For this 𝑃𝑒g value, nearly all the particles sediment at long times. Moreover, the 𝑃𝑒g -values remain
high even for smaller particles, where 𝑃𝑒g ≥ 5 for 𝑑 ≥ 50 nm , indicating that such
“small” particles still sediment substantially at long times. For these high densities, the
diameter of non-settling colloidal particles (see Section 2.3) must be below 30 nm. Thus,
the key question is how to prevent complete sedimentation of these high-density particles,
or slow it down sufficiently, so that the suspension is stable for weeks or even months.
Our novel approach to prevent or greatly reduce the sedimentation of high-𝑃𝑒g
particles is to devise dispersants which have the following properties: (a) work well at
low dispersant concentrations (< 5 wt%); (b) can be used for low or high dense-particle
volume fractions; (c) maintain the flowability of the suspensions in coating or other
applications; and (d) produce a suspension medium viscosity “felt” by the particles which
is extremely high. Producing suspensions with such non-Newtonian rheological behavior
is a common problem in the rheology of complex fluids. One needs a shear-thinning fluid
with a very high viscosity at low shear stresses, which are “felt” by, or applicable to, the
motion of the colloidal particles, and a much lower viscosity at those high shear stresses
applicable to bulk flows of the suspension. In a gravitationally-driven flow in a tube of
diameter 0.3 mm, the average shear stress is of the order of 1 to 10 Pa. By contrast, when
a particle of diameter 𝑑 = 100-1000 nm experiences a net gravitational force and settles,
the local shear stresses generated by the particle range from about 2×10-3 to 2×10-2 Pa.
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There can be several molecular mechanisms which may lead to shear-stress-thinning,
or shear-rate-thinning, viscosities. In one mechanism, polymers dissolved in the solution
may form “entanglements” and cause a large increase of the viscosity at low shear
stresses.121 Another mechanism may be the use of long polymeric surfactant dispersant
molecules, such as Pluronics ((poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO) block co-polymers),122-123 which may adsorb on the dispersed particles and interact
quite strongly with each other, after adsorption, producing another type of entanglement,
at least for high concentrations in which the particles are close enough to each other to
interact. A third mechanism may involve the use of close-packed dense-particle
suspensions.
In this chapter, we present another mechanism, for the first time, involving the novel
use of dispersions of fluid vesicles, to accomplish the above goals. Vesicles, also called
“liposomes,” are hollow colloidal-size spherical particles consisting of double-chain
single-head-group surfactants, which usually form lamellar liquid crystalline (LLC)
phases. These surfactants can also form closed bilayer structures, called unilamellar
vesicles (ULVs), in which there is an “inside” space, with solvent separated from the
“outside” by a single surfactant bilayer. They may also form multilamellar vesicles
(MLVs), in which the inside is separated from the outside by several bilayers alternating
with water layers. Their formation can occur spontaneously from the LLC phase in
certain cases124 or with mechanical agitation involving stirring, or sonication, or both.125
Vesicular dispersions have attracted considerable interest for their potential applications
as drug or gene delivery systems.126
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For our application of preventing sedimentation, the following property of vesicular
dispersions is particularly important. In a typical example, if a ULV has a diameter of
400 nm and a bilayer wall thickness of 3 nm, the vesicular dispersion with 2 wt% or 2
vol% surfactant, or a volume fraction 𝜙s = 0.02, will have a significantly larger vesicles
volume fraction of 𝜙v = 0.46. If 𝑑 = 600 nm, then 𝜙v = 0.68. Thus, in terms of the
vesicles, such dispersions are highly concentrated, and the vesicles can be close-packed.
Their volume fraction can exceed the limit for close-packed spheres, leading to
deformation of the vesicles to non-spherical shapes. Moreover, the high water content
produces vesicles with very small values of 𝛥𝜌 (≈ 10-2 to 10-3 g/cm3), and hence with
low 𝑃𝑒g -values, below 1. Then, as explained previously (see Chapter 3), the vesicles are
quite stable against sedimentation.
At high values of 𝜙v , the mobility of the vesicles, and the viscosity of the vesicular
dispersion, may change dramatically, compared to that at small 𝜙v values. Nonetheless,
since the vesicles may remain fluid and easily deformable, they may still flow easily
when the dispersion experiences sizable shear stresses. On the other hand, since the
vesicles form close-packed structures at high values of 𝜙v , the sedimentation of the
dispersed particles may be prevented (Figure 6.1). Therefore, vesicles can be used, in
principle, to stabilize suspensions of dense particles against sedimentation, both at low
and high volume fractions of the colloidal particles. Moreover, some of the added
surfactant may also adsorb on the particles and stabilize them also against agglomeration,
providing additional stabilization against sedimentation.
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Figure 6.1 Schematic illustration of vesicles forming a close-packed structure that blocks
the movement of the particles. Left: In the dispersion with a low volume fraction of
vesicles, the vesicles do not interfere significantly with particle settling. Right: In the
dispersion with a high volume fraction of vesicles, the vesicles are packed tightly, and
generate a significant resistance against sedimentation of the particles.

6.3

Experimental methods
6.3.1

Materials

Titania (rutile) powders (TR52) were obtained from Huntsman and used as received.
Their density is 4.1 g/cm3. The particles were quite polydisperse with diameters 𝑑TiO2 =
280±100 nm, as determined from SEM images; see Figure 3.1. The particles were
characterized as detailed in Chapter 3. Ultrapure water was obtained from a Milli-Q water
system (from Millipore), which uses distilled water as input. Didodecyldimethyl-
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ammonium bromide (DDAB), in powder form, was purchased from Sigma-Aldrich, and
used as received.

6.3.2

Sample preparation

DDAB aqueous dispersions with concentrations 𝑐DDAB from 0.01 to 2.0 wt% were
first shaken by hand, and then stirred magnetically for 30 min, with “procedure S.”
Certain samples were then sonicated for 3 h in a Branson 3510 sonication bath, which
uses a frequency of about 40 kHz (“procedure SS”). The suspensions of 1 wt% titania
particles were prepared by first mixing titania and DDAB powders. The mixed powder
was dispersed in water with either one of the above procedures. All samples were
prepared at room temperature, which was 25±2 ℃.

6.3.3

Cryo-transmission electron microscopy

Cryo-TEM images were taken at the Purdue Cryo-EM Facility/Department of
Biological Sciences at Purdue University. The samples were placed in a controlled
environment vitrification chamber, where the relative humidity was kept close to
saturation to prevent water evaporation from the sample. A 3.5 μL drop of the sample
was put on a carbon-coated “holey film” (film with holes) supported by a TEM copper
grid. After gently blotting the drop with filter paper to create a thin liquid film over the
grid, the samples were vitrified by being plunged into liquid ethane cooled to -114℃
(liquid nitrogen temperature). The photomicrographs were taken under magnification of
22500X with a Titan FEG microscope. The acceleration voltage was 300 kV.
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6.3.4

Dynamic light wcattering (DLS) and zeta potential measurements

The average hydrodynamic diameter, 𝑑h , of the DDAB vesicles or the titania
particles was measured at 25 ℃, at a wavelength of 659 nm and a scattering angle of 90°
with a Brookhaven ZetaPALS dynamic light scattering instrument, which has a BI-9000
AT digital autocorrelator. For the DDAB samples, the measurements were done without
any dilution because they were not very turbid. Each titania suspension was first
homogenized gently by hand, and then diluted with its respective suspension medium to a
weight fraction of 5×10-6 (0.0005 wt% or 5 ppm). The dilution was needed to avoid
excessive light scattering. Each measurement took about 1 min, and the effective
diameter and the half width at half maximum (HWHM) were obtained from the
instrument software. At least six measurements were taken, and the averages of the
effective diameters, 𝑑h , the averages of the HWHM widths, Δ𝑑 , and their standard
deviations 𝜎1 and 𝜎2 are reported as 𝑑h (±𝜎1 ) ± Δ𝑑(±𝜎2 ) nm. The zeta potential (𝜁 )
measurements for titania particles were done with the same Brookhaven instrument,
operating conditions, and preparation method mentioned above. The 𝜁 -potentials of
DDAB vesicles were also measured. Each zeta measurement consisted of 20 cycles; 10
measurements were made with each sample, and the averages and the standard deviations
are reported.

6.3.5

The stability of titania particles against sedimentation in DDAB vesicular
dispersions

The stability of titania particles in DDAB vesicular dispersions against sedimentation
was monitored visually. The height ℎ(𝑡) of the sedimentation moving front of a nearly-
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clear supernatant top layer against a lower white suspension was measured, as the
particles sedimented. For a standard sample initial height of 1 cm, the half-time of
sedimentation ( 𝑡s ) was determined at a front height of ℎ = 0.5 cm. At least five
measurements were made for each sample, and the averages and the standard deviations
are reported.

6.3.6

Rheological measurements

The apparent viscosity was measured with calibrated Cannon Fenske viscometers (no.
25, no. 50, and no. 100) at 25 ℃. Five measurements were made for each sample, and the
averages and standard deviations were calculated and reported. The shear-rate-dependent
viscosity was measured at 25 ℃, with a TA DHR-2 controlled-stress rheometer with a
concentric-cylinder geometry. The measurements were done with the flow sweep
procedure over a range of shear rates from 10-4 to 103 s-1, first at decreasing shear rates,
and then at increasing shear rates. Each measurement was done twice, and the averages
are reported.
6.4
6.4.1

Experimental results and discussion

Close-packed vesicular microstructures in DDAB/H2O dispersions

We have used a cationic double-chain surfactant, didodecyldimethylammonium
bromide, or DDAB, which has been studied for over 30 years, for its ability to form
various bilayer structures.127-129 The high surfactant packing parameter (~0.62), which is
the ratio of the surfactant tail volume to the product of the head group area and the chain
length,76 causes the double-chain DDAB molecules to form vesicles or lamellar particles
when the concentration is above its critical vesicle concentration of 6.5×10-4 wt%.130 The
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liquid-crystalline and bilayer chain melting phase transition temperature (𝑇m ) is about
16 ℃, causing the bilayer interior to be fluid and the vesicles to be deformable. At 25 ℃,
these vesicles can be stable for months.131
We probed DDAB/H2O vesicular dispersions by direct imaging with cryo-TEM
techniques at 0.50 wt% DDAB (10.8 mM) and 2.0 wt% (43.3 mM), for dispersions
produced by stirring only (procedure S), or by stirring and sonication (procedure SS); see
Figure 6.2(a)-(d). From the cryo-TEM images, which provide reliable images of the
actual microstructures, we observed at 0.5 wt% mostly ULVs, and at 2.0 wt% some
MLVs. A few tubular vesicles were also seen at both concentrations. These observations
are consistent with those by Regev and Khan,127 who prepared their DDAB dispersions
by a different dispersion procedure, namely shaking them for several days. In all images,
the average thickness of the wall layers was estimated to be about 3±1 nm. This value
corresponds to the expected bilayer thickness from the surfactant molecular structure, as
the length of the all-trans fully extended hydrocarbon chain is about 1.8 nm.
At 0.5 wt%, the DDAB molecules form ULVs, which are quite polydisperse, with an
average diameter of 400 nm (Figure 6.2(a)). Sonication evidently breaks up the larger
ULVs to form smaller ULVs (Figure 6.2(b)). At 2.0 wt%, in addition to ULVs, a few
MLVs and a few tubules are observed (Figure 6.2(c)). At these conditions, most vesicles
are shown to be unilamellar with sizes larger than 400 nm. Hence, their effective volume
fraction 𝜙v is estimated to be higher than 0.5, or even higher than 0.7, exceeding the
close-packed limit for hard spheres. Therefore, these deformable fluid vesicles, upon
close packing, do not retain their spherical shape, but are deformed to nearly polyhedral
shapes, as observed. The sonication procedure produces more MLVs, which decreases
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the value of 𝜙v (Figure 6.2(d)), making the vesicles pack less tightly. The observations of
producing MLVs with the sonication procedure appear to be counter-intuitive. Generally,
sonicating multilamellar particles or vesicles tends to produce unilamellar vesicles.
Nevertheless, sonicating large unilamellar vesicles may produce vesicle fragments. When
one such fragment closes to form a full vesicle, it may enclose a smaller vesicle, which
may have happened to be present in that location. The multilamellar vesicles observed
seem to be vesicles within other vesicles. Their structures may be different from the
structures of the original multilamellar particles or vesicles.
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(a)

(b)

(c)

(d)

Figure 6.2 CryoTEM micrograph of vesicles. (a) At 𝑐DDAB = 0.5 wt% (10.82 mM) with
the S procedure, the DDAB molecules form unilamellar vesicles (ULVs), which are quite
polydisperse with diameters ranging from 100 to 700 nm. (b) At 0.5 wt% with the SS
procedure, the ULVs have diameters of about 100-500 nm, which are smaller than the
ones prepared with the S procedure. (c) At 𝑐DDAB = 2.0 wt% (43.29 mM) with the S
procedure, most of the vesicles are unilamellar, and a few are multilamellar. Their
diameters are about 200-700 nm. The vesicles are tightly closed-packed and deformed to
polyhedral shapes. (d) At 2.0 wt% with the SS procedure, more MLVs form than ULVs.
The MLVs are larger and packed less tightly than the ULVs.
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The vesicles within this closed-packed structure have quite low mobilities, as
indicated by several independent lines of evidence. The first evidence comes from
dynamic light scattering (DLS), in which particles in dilute dispersions can diffuse freely.
The rate of decay of the nearly exponential autocorrelation function (ACF) of the
scattered intensity fluctuations yields then the diffusion coefficient 𝐷 of the particles.132
If the particle sizes are polydisperse, the ACF is not exponential, but still decays to zero
(Figure 6.3(a)). Then, by the use of the Stokes-Einstein equation, which is valid for
individual particles, from a single value of 𝐷, or from a 𝐷-distribution, one can obtain
the value of the vesicles diameter d, or the d-distribution.4 At 0.5 wt% DDAB, at which a
relatively dilute (and hence non-close-packed) vesicular dispersion is produced, the
diameters of the vesicles are found to be about 400(±8)±233(±6) nm, which are
consistent with the values obtained from cryo-TEM images (see also Table D.1 in
Appendix D). The polydispersity index cannot be calculated accurately from these DLS
data. At 2.0 wt%, in which 𝜙v is quite high and apparently over the close-packed limit for
spheres, the ACF shows an unusual and distinct behavior (Figure 6.3(b)). While showing
some fluctuations, the ACF never decays to zero, indicating some “memory,” or residual
correlation, of the relative particle positions. Although no detailed theory for interpreting
such ACF shapes are known to us, we presume that the observed ACF shapes indicate
that the vesicles are unable to diffuse freely in the dispersion over long distances. Hence,
the vesicles appear to be in a tightly packed formation, and they are “trapped by,” or
captive to, each other.
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(a)

(b)

Figure 6.3 Auto correlation function (ACF) of DLS measurements of DDAB-water
vesicular dispersions (a) at 𝑐DDAB = 0.5 wt% with the S procedure and (b) at 𝑐DDAB = 2
wt% with the S procedure.

Another piece of evidence comes from the measurements of the zeta potential 𝜁 of
the DDAB vesicles at 0.05 to 2.0 wt%; 𝜁 is determined from the measured
electrophoretic mobility (em), which is the ratio of the particle electrophoretic velocity to
the externally applied electric field strength. At 0.05 wt%, the 𝜁-value is about 56±4 mV,
and remains constant with increasing surfactant concentration up to 0.5 wt%; see Figure

158
6.4. This indicates that the vesicles are positively charged, as expected for a cationic
surfactant, and that they have the same surface charge densities. At 0.7 wt%, the 𝜁potential, or apparent 𝜁-potential, calculated on the assumption that the fluid medium
viscosity remains constant and that the particles move independently, drops to 40±1 mV.
It drops further to 23±1 mV at 2.0 wt%. Hence, the vesicles’ apparent electrophoretic
mobility, and their actual electrophoretic velocity, decreases.
Our hypothesis, which is consistent with the DLS results, is that the decrease in the
vesicles’ velocity is due to the obstruction of their motion by the other vesicles, and not
to any changes in the intrinsic mobility or surface charge density of the vesicles. Ono et
al.’s results128 support this hypothesis. They have reported that the counterion
dissociation of DDAB is insensitive to the surfactant concentration for 𝑐DDAB ≥ 0.14
wt% (or 3 mM).

Figure 6.4 Effect of surfactant concentration on the apparent zeta potential of the vesicles
with the S (■) and with the SS (□) procedure; the apparent zeta potential of the titania
particles in vesicle dispersions prepared with the S procedure (▲).
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Moreover, we have measured the sizes of DDAB vesicles at 0.5 and 1.0 wt% with S
or SS procedures at 0.5, 96, and 240 h after the samples were prepared; see Figure 6.5.
For all samples, the hydrodynamic diameters of the vesicles remained about the same at
240 h, indicating that the vesicles were stable against coagulation and coalescence in the
time span tested. As mentioned earlier, because they have low gravitational Peclet
numbers, the vesicles are also quite stable against sedimentation.

Figure 6.5 Average hydrodynamic diameter of DDAB vesicles vs. time: (a) 1 wt%, S; (b)
0.5 wt%, S; (c) 1 wt%, SS; (d) 0.5 wt%, SS. The error bars represent the half peak width
at half of its height.

6.4.2

Stabilizing titania nanoparticles against sedimentation with close-packed DDAB
vesicles

In order to test the feasibility of close-packed vesicular dispersions for stabilizing
suspensions of high-𝑃𝑒g particles against sedimentation, we examined the stability of 1
wt% titania particles (𝑑 ≈ 300±200 nm) in DDAB vesicular dispersions. At 𝑐DDAB =
0.05 wt% (prepared with the S and SS procedures), the particles start settling within
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hours, and they sediment by 0.5 cm in about 46 h (𝑡s ≈ 46 h). This value is consistent
with the predictions of the modified Mason-Weaver equation for polydisperse spheres
without agglomeration; see Section 28.27 At 𝑐DDAB = 0.1 wt%, the particles settle more
slowly, with 𝑡s ≈ 72 h, for both the S and SS procedures. At these surfactant
concentrations, the sonication process has produced only a slight effect on the particle
settling rate. At 𝑐DDAB ≥ 0.5 wt%, the sedimentation times increase with an increase of
DDAB ,

and are higher for suspensions produced with the S procedure than for those

produced with the SS procedure (Table 6.1).

Table 6.1 Sedimentation half times of the titania particles in DDAB vesicular dispersions
with various surfactant concentrations and with the S or SS procedures
𝑐DDAB , wt%

𝑡s , h

S
SS
0.05
46
46
0.1
72
72
0.5
120
96
1.0
384
168
2.0
> 6 months*
> 4 months(**)
* No observable sedimentation; ** Some settling was observed.

This increase of the sedimentation time is probably due to the increase in 𝜙v at
higher values of 𝑐DDAB , with 𝜙v being larger for the S-dispersions than for the SSdispersions. At 2.0 wt%, the particles did not settle for at least 1400 h, or 2 months; see
Figure 6.6. Actually, we have monitored samples for as long as 6 months (and later 18
months; see Chapter 7), and there was still no observable sedimentation; see Figure 6.7.
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Figure 6.6 Photographs of aqueous DDAB dispersion with 1.0 wt% titania particles. The
samples from left to right are (1) 0.5 wt% DDAB with the S procedure (S); (2) 1.0 wt%
DDAB, S; (3) 2.0 wt% DDAB, S; (4) 0.5 wt% DDAB with the SS procedure (SS); (5) 1.0
wt% DDAB, SS; and (6) 2.0 wt% DDAB, SS. The height of the samples is 4 cm. The
third sample (2.0 wt% (S)) was the most stable.
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Figure 6.7 Photographs of 2 wt% aqueous DDAB dispersion with 1.0 wt% titania
particles. All samples were prepared with the S procedure, and are with a height of 1 cm.
In all samples, no sedimentation was observed for at least 6 months. The results are,
therefore, quite reproducible.

One can infer some of the origins of the stability against sedimentation from the
cryo-TEM images; see Figure 6.8. In Figure 6.8, the titania particles appear as black
particles, which look quite similar to the titania particles we obtained in SEM; see Figure
3.1. At 𝑐DDAB = 2.0 wt% (S), the titania particles are shown to be completely surrounded
by the vesicles, which essentially prevent them from moving. The gravitational force can
no longer move the particles, being counteracted by the apparently large resistance of the
close-packed vesicles microstructure. At 𝑐DDAB = 2.0 wt% (SS), the particles are also
surrounded by the vesicles, which are less tightly close-packed, providing a decreased
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ability to impede the settling of the dense particles. More cryo-TEM images are shown in
Appendix D; such images show similar results as these in Figure 6.8. Furthermore, some
cryo-TEM images show that it is possible that the titania particles are encapsulated in the
vesicles; see Figure D.1. In that case, the sedimentation rate of the titania particles would
also decrease. In addition to enhancing the stability against sedimentation, at 𝑐DDAB =
0.05-2.0 wt%, the surfactant also improves the stability of the titania particles against
agglomeration.27

(a)

(b)

Figure 6.8 CryoTEM micrograph of titania particles in DDAB-water vesicular
dispersions of 𝑐DDAB = 2.0 wt% with (a) S procedure and (b) SS procedure.

DLS results, in which titania suspensions were diluted sufficiently before the
measurements to avoid excessive light scattering, showed that the particle sizes were
stable for at least 140 h; see Figure 6.9. Since the titania particles are positively charged
with 𝜁 ≈ 50 mV, the stabilization mechanism appears to be based on the presence of
strong interparticle electrostatic repulsive forces (Figure 6.4).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.9 Average hydrodynamic diameter of the titania particles in DDAB vesicular
dispersions with various surfactant concentration vs time: (a) 𝑐DDAB = 0.05 wt%, (b)
𝑐DDAB = 0.1 wt%, (c) 𝑐DDAB = 0.2 wt%, (d) 𝑐DDAB = 0.5 wt%, (e) 𝑐DDAB = 1.0 wt%, and
(f) 𝑐DDAB = 2.0 wt%; S (■) and SS (□) procedures.

6.4.3

Shear-thinning behavior of DDAB vesicular dispersions

Although the vesicles surfactant concentrations increase drastically the sedimentation
times, the measured bulk vesicular dispersion viscosities at high shear-stresses of about 1
to 10 Pa, which occur in gravity-driven flow in capillary tubes with diameters of 0.3 to
0.7 mm, show only a relatively small increase with an increase in the DDAB
concentration. The high-shear-stress viscosities were measured with Cannon-Fenske
viscometry. Since the reported values were calculated on the assumption that the fluid
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was Newtonian, they represent the apparent or shear-stress-averaged viscosities, 𝜂app . As
𝑐DDAB increases from 0.01 to 1.0 wt%, the viscosity increases linearly from 0.92±0.11 to
1.9±0.23 mPa s, which are consistent with the data by Soltero et al.133 For 𝑐DDAB = 1.0
to 2.0 wt%, 𝜂app increases more abruptly to 9.7±1.9 mPa s, which is about ten times
larger than that of water (Figure 6.10). At 2.0 wt%, the wall shear stress is about 5 Pa.

Figure 6.10 The apparent viscosity 𝜂app was measured with a capillary viscometer (■),
and compared to the data reported by Soltero et al. (□) 133

The non-Newtonian viscosities, 𝜂 , were measured with a controlled-shear-rate
rheometer with a concentric-cylinder geometry over a range of shear rates, 𝛾̇ , from 10-4 to
103 s-1 (Figure 6.11(a)) for 1.0 wt% (S), 2.0 wt% (S), and 2.0 wt% (SS). Each shear stress,
𝜏, is then calculated as the product 𝛾̇ 𝜂. The results of 𝜂 and 𝜏 are shown in Figure 6.11(b).
These viscosities are higher at the higher surfactant concentrations, and lower for the
sonicated than the stirred only samples for the same concentration. The non-Newtonian
behavior of such fluids at various concentrations was reported previously by Soltero et al.
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and Yang et al.133-134 The local shear-stresses exerted by, and applicable to, the individual
titania particles in water are proportional to their particle sizes, and they are found to be
about 0.002 to 0.02 Pa. These values are much lower than those at the walls of the
capillary tube. Under such low shear stresses, the non-Newtonian viscosities are quite
high, ranging from 104 to over 106 mPa s. At such high viscosities, the particles’
sedimentation is slowed down, and 𝑡s increases from about 40 h to 40×104 h, or 40×106 h,
or even more. Even though the gravitational Peclet numbers of the titania particles remain
quite high, the sedimentation rate is nevertheless extremely slow. On the other hand, for a
typical capillary flow wall shear stress of 5 Pa which exists during the bulk flow of the
dispersion, the relevant viscosity is much lower (ca. 10 mPa s). Thus, these close-packed
DDAB vesicular dispersions seem to provide optimal resistance against sedimentation of
the titania particles, without impeding the bulk flow of the suspension. For ink-jet
printing conditions of high velocities and very thin capillary tubes, the actual shear stress
may be even higher than 5 to 10 Pa. Thus, the viscosity will be about 10 mPa s (see
Figure 6.10). Clearly, DDAB is a highly efficient stabilizer against sedimentation, at an
appropriate surfactant concentration and preparation method to produce adequate closepacked vesicular dispersions.
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(a)

(b)

Figure 6.11 Rheological measurements of aqueous DDAB vesicular dispersions. (b) NonNewtonian viscosity 𝜂 vs shear rate 𝛾̇ ; (c) viscosity vs shear stress 𝜏; for 2 wt% S (▲), 2
wt% SS (●), and 1 wt% S (■). The DDAB vesicular dispersions are shear-thinning fluids.
The sample of 2 wt% S has the highest viscosity among the three; the sample of 1 wt% S
has the lowest viscosity. At a shear stress of about 0.002 Pa, the viscosity is over 104
mPa∙s; at a shear stress of 5 Pa, the viscosity is about 10 mPa∙s.
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6.5

Conclusions and outlook

With stirring, or stirring and sonication, DDAB in water forms mostly large
unilamellar vesicles as has been shown previously with slightly different preparation and
mixing methods.127 Such vesicles appear to be kinetically stable for long times, weeks
and months. At about DDAB concentrations of 1 to 2 wt%, depending on the preparation
method, the vesicles volume fractions are quite high, beyond the close-packed limit for
undeformed spheres. The mobility of the vesicles in sedimentation, electrophoretic flow,
or diffusion, is, therefore, severely restricted. The rheological behavior of the dispersion
becomes highly shear-thinning, with low-shear-stress viscosities of 104 to 106 mPa∙s or
higher, but with high-shear-stress viscosities of 2 to 10 mPa∙s. At these conditions, the
dispersions can flow freely in typical capillary tubes of diameters ranging from 1 to 10
mm. In contrast, the titania particles with diameters of about 200 to 400 nm respond to, or
“feel”, the high low-shear-stress viscosity, and then move sluggishly, if at all. This is the
physical basis of a new and important application of vesicles: the stabilization against
both sedimentation and agglomeration of normally-settling colloidal particles, with high
gravitational Peclet numbers.
The applicability of these and similar close-packed vesicular dispersions may be
quite general for many other types of dense particles with high gravitational Peclet
numbers. Moreover, the effect of the vesicles on preventing sedimentation can be easily
reversed, by simple dilution of the DDAB dispersion to produce non-close-packed
structures. If DDAB has environmental, safety, or other limitations for a given
application, one may seek other molecules with similar properties and fewer such
limitations. Moreover, if one can control the polydispersity of the vesicles, it may be
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possible with less polydisperse vesicular dispersions to have comparable sedimentation
stability at lower DDAB concentrations, since the close-packed structure may occur at
lower total vesicle volume fractions. Overall, we expect that these types of close-packed
vesicular dispersions will help improve scientific understanding, and develop general
strategies, for improving the stability against sedimentation for many other types of dense
colloidal particles over a wide range of sizes and concentrations. Additional insights in
the sedimentation behavior of dense particles suspended with light particles are obtained
from Brownian dynamic simulations, described in Chapter 7.
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7. THE EFFECT OF SUSPENDED PARTICLES ON THE STABILITY OF HIGHDENSITY PARTICLES AGAINST SEDIMENTATION BY USING
BROWNIAN DYNAMICS SIMULATIONS

7.1

Abstract

In Chapter 6, we presented a novel method of close-packed fluid vesicular
dispersions for stabilizing suspensions of commercial titania particles with Δ𝜌 = 3.2
g/cm3 and 𝑑TiO2 = 280±100 nm against sedimentation. For forming the vesicular
dispersions, we chose a double-chain cationic surfactant DDAB (didodecyldimethylammonium bromide). Whereas at the low DDAB concentrations (0.5 wt% or 10.8 mM)
the particles settled completely by 1 cm over two months, at the high DDAB
concentrations (2.0 wt% or 43.4 mM), the particles remained suspended for over 18
months. At the higher DDAB concentration, the vesicles form a close-packed structure,
and provide strong resistance to the sedimentation of the dense particles, but the
dispersions are nonetheless highly shear-thinning, and free flowing, with moderate bulk
viscosities. In this Chapter, we have used Brownian dynamics simulations (BDS) for the
first time to elucidate the key factors of the mechanism by which vesicles or other nonsettling particles can stabilize the high-density particles against sedimentation. BDS was
done for mixtures of two types of colloidal spherical particles interacting via DLVO
potentials. For one type, the gravitational Peclet number 𝑃𝑒g is high, and these particles,
or “dense particles”, with diameter 𝑑1 and volume fraction 𝜙1 settle rapidly in the
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absence of other types of particles. For the second type of particles, 𝑃𝑒g is nearly zero,
and presumed to be non-settling “rigid vesicles,” called “light particles.” The effects of
the particle size 𝑑2 and the volume fraction 𝜙2 of the light particles on the sedimentation
stability of the dense particles were examined. The simulation results show that the key
factor in this mechanism is the volume fraction of the light particles. As 𝜙2 exceeded a
threshold of about 0.3 to 0.5, the dense particles remained suspended indefinitely. The
value of the threshold depends on the diameter of the light particles, and is higher for the
larger light particles. In addition, the rheological behaviors of the light particle
dispersions, and the local viscosities, or microviscosities, around the dense particles were
predicted. The shear-thinning behavior of the light particle dispersions suggests that the
bulk suspensions of the dense particles are flowable, if the 𝜙1 -value is relative small.
Further, the local viscosities around the dense particles increase significantly with
increasing 𝜙2 and were the reason for the stability of the dense particles against
sedimentation. The BDS results indicate, consistently with the data, that the dispersions
of the light, or non-settling, particles, such as the vesicular dispersions, can provide a
general method for long-term stabilization against sedimentation of high-𝑃𝑒g number
particles of a wide range of diameters and for a wide range of volume fractions.

7.2

Introduction

Colloidal suspensions, such as suspensions and emulsions, are key components in
various products, such as inks, paints, consumer products, foods, and pharmaceuticals. To
maintain suspension homogeneity, it is often crucial to prevent the particles or droplets
from agglomerating or coalescing, and from sedimenting or creaming. In the suspensions,
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if the particles agglomerate, or become “unstable” against agglomeration, then clusters
form. These clusters tend to sediment (or cream) in gravity faster than the primary
particles. Thus, the suspensions can also become “unstable” against sedimentation. There
have been many studies on preventing particle agglomeration.4,

14, 27, 67, 109, 121, 135-138

However, in some cases of aqueous suspensions containing high-density particles, such
as titania, silica, or iron oxides, the suspended particles can even settle without
agglomeration.27, 91 Strategies for preventing particle sedimentation have received little
attention in the literature, and one of them is the object of this study.
In Chapter 6, we presented a novel method of using close-packed fluid vesicular
dispersions for stabilizing against sedimentation suspensions of commercial titania
particles with Δ𝜌 = 3.2 g/cm3 and 𝑑TiO2 = 280±100 nm.139-140 As a vesicle former, we
have used a cationic double-chain surfactant, didodecyldimethyl-ammonium bromide
(DDAB) with a high surfactant packing parameter (~0.62) for its ability to form various
bilayer structures.127-129 At concentrations from 6.5×10-4 to over 2.0 wt%, DDAB
molecules in water form unilamellar vesicles with mild stirring, or multi-bilayer particles
with sonication.130 Since the liquid-crystal and bilayer chain melting phase transition
temperature of DDAB is about 16 ℃,131 at room temperature the bilayer hydrocarbon
interior is fluid and the vesicles are deformable. Moreover, these vesicles contain so
much water that their density difference is practically zero, less than 0.01 g/cm3. Hence,
their 𝑃𝑒g -values are quite small, and they can remain stable for months with no apparent
growth or sedimentation. In close-packed fluid DDAB vesicular dispersions at a
surfactant concentration of about 2 wt%, the titania particles remain suspended for more
than six months. By contrast, in the absence of DDAB, or at a much lower DDAB
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concentration, these titania particles would sediment quite fast. In one example, they
sedimented by 0.5 cm in an aqueous SDS solution in about 45 h, even though no
significant agglomeration occurred; see Chapter 3.27 These close-packed vesicular
dispersions provide a significant resistance against sedimentation of the titania particles.
Moreover, they do not significantly impede the flow of the bulk suspension, still allowing
their potential use in ink-jet printers.140
In this chapter, we aim to elucidate theoretically several key factors of this novel
stabilization mechanism and provide general guidelines on the use of vesicles or other
non-sedimenting colloidal particles for stabilizing or slowing down drastically the
sedimentation of the dense colloidal particles. We use Brownian dynamics simulations
(BDS) for the first time for such a problem. BDS has been widely used for studying other
colloidal suspension properties, such as the dynamics of coagulation, flocculation,
sedimentation, and deposition processes, the microstructure of agglomerates, and
suspension rheology.30-31, 72, 74, 77, 141-146
We will fist summarize and review some key results from Chapter 6 to outline the
scope of the BDS studies. Then, we will present the simulation details and the results for
mixtures of two types of spherical colloidal particles that mimic the dense titania particles
and the non-sedimenting DDAB vesicles. For the first type, the gravitational Peclet
number 𝑃𝑒g is high.
𝑃𝑒g ≡

𝑣sed 𝑐
𝐷𝑐 ⁄𝐿

= 𝜋𝑑3 ∆𝜌𝑔𝐿⁄6𝑘B 𝑇

(1-8)

These particles, with a diameter 𝑑1 and a volume fraction 𝜙1 , will settle rapidly in the
absence other types of particles. For the second type of particles, presumed to be “rigid
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vesicles”, the Peclet number is taken to be zero, and these particles will not settle. They
will be called “light particles” in the later sections. Using BDS, the effects of the particle
diameter 𝑑2 and volume fraction 𝜙2 of the light particles on the sedimentation stability of
the dense particles were examined.
In addition, the bulk shear viscosities of the dispersions consisting of the light
particles were computed from the simulations to examine the flowability of the bulk
suspensions, in which the presence of the dense particles is neglected due to their
relatively low volume fraction (𝜙1 ≪ 𝜙2 ). Moreover, the rheology at the microscopic
scale, or “microrheology,” which allows the probing of the local viscous properties of the
dispersions, was examined. The local viscosities around the dense particles are those
directly “felt” by these particles and were computed with BDS. Even though the actual
DDAB vesicles in our data are deformable, their deformability is not considered in the
simulations, for reason of simplicity. The behavior of the light particles in the simulations
may still represent several key factors of their effect on the sedimentation behavior of the
dense particles.

7.3

Review of the experimental results

We examined the sedimentation stability of 1 wt% titania particles either in DDAB
vesicular dispersions with 0.5 wt% (10.8 mM) or in 2.0 wt% (43.4 mM) surfactant. A
marked difference was observed in these two cases; see Figure 7.1(a). At 𝑐DDAB = 0.5
wt%, the particles settled completely after about 2 months. At 𝑐DDAB = 2.0 wt%, the
particles remained suspended for at least 18 months; in Chapter 6, the behavior up to 6
months was reported.139 A schematic diagram of the stabilization mechanism is shown in
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Figure 7.1(b), bottom. At low surfactant concentrations, the effective volume fractions of
the vesicles are low. Then, the dense particles move around quite easily, and eventually
settle under normal gravity. On the other hand, when the surfactant concentration is high
enough to yield an effective volume fraction of the vesicles near the close-packed limit of
rigid particles, or even higher than that if the vesicles are deformable, the particles are
trapped by the vesicles, and their motion becomes severely limited. Then, the particles
cannot settle or agglomerate at all, or it might take them extremely long times to settle.

(a)

(b)

(c)

Figure 7.1 (a) Photographs of aqueous DDAB dispersions with 1.0 wt% titania particles
at 𝑐DDAB = 0.5 wt% after 2 months (top), and at 𝑐DDAB = 2.0 wt% after 18 months
(bottom). (b) Schematic diagrams a vesicular dispersion at a low volume fraction (top),
and at a high volume fraction (bottom), where there is a stabilization against
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sedimentation. (c) Cryo-TEM micrographs of DDAB vesicles in water at 𝑐DDAB = 0.5
wt% (top), and at 𝑐DDAB = 2.0 wt% (bottom).

The cryo-TEM technique allows us to examine directly the microstructures of the
DDAB vesicular dispersions in water at 0.5 wt% and 2.0 wt% to test the stabilization
mechanism hypothesis; see Figure 7.1(c). At 0.5 wt%, the DDAB molecules form
unilamellar vesicles (ULVs), which are shown to be quite spherical and polydisperse with
an average diameter of 300 nm, and are not in contact with each other. At 2.0 wt%,
however, in addition to the ULVs, a few multilamellar vesicles (MLVs) are observed.
Most of the ULVs have sizes larger than 300 nm. The effective volume fraction of the
vesicles is estimated from their size and the weight fraction, wt%, to be higher than 0.7,
exceeding the close-packed limit for rigid spheres. Therefore, they do not retain their
spherical shape, but are deformed to foam-like polyhedral shapes. These observations are
consistent with those by Regev and Khan,127 who prepared their DDAB dispersions by a
different dispersion procedure, namely shaking for several days.139 Several other lines of
evidence, including the autocorrelation function from the dynamic light scattering
technique and the electrophoretic mobility from the zeta potential measurements, also
support the notion that the vesicles have some mobility at 0.5 wt%, but a very low
mobility at 2.0 wt%, at which the vesicles are essentially trapped or immobilized by each
other and appear to be in a tightly packed configuration.139 The cryo-TEM techniques
also captured certain actual arrangements of the titania particles within the close-packed
vesicular microstructure. At 𝑐DDAB = 2.0 wt%, a titania particle, the black particle in the
Figure 7.2, is completely surrounded by the vesicles, which have essentially impeded not
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only the titania particle motion, either diffusive or gravity-induces motion, but their own
motion as well. By encountering a high resistance of the close-packed vesicles
microstructures, the titania particles can no longer settle, move or, agglomerate.

Figure 7.2 Cryo-TEM micrographs of titania particles in 2.0 wt% DDAB-water vesicular
dispersion.

The shear-viscosities 𝜂 of 0.5 wt% and 2.0 wt% DDAB vesicular dispersions were
measured over a range of shear rates, 𝛾̇ , from 10-4 to 103 s-1. At 𝑐DDAB = 0.5 wt%, the
dispersion viscosity was too low to allow accurate data to be obtained. For 𝑐DDAB = 2.0
wt%, the results of 𝜂 vs. 𝜏 and of 𝜂 vs. 𝛾̇ are shown in Figure 7.3. The vesicular dispersion
was found to be a shear-thinning fluid with a low-shear-stress viscosity of 105 mPa∙s at
𝜏 ≤0.02 Pa, but with a high-shear-stress viscosity of 10 mPa∙s at 𝜏 > 0.5 Pa. Such shearthinning behavior was also reported previously.133-134 The local shear-stresses exerted by
the individual titania particles in the vesicular dispersion under normal gravity, where

178
𝑔 = 9.8 m/s2, are about 0.002 to 0.02 Pa. Under this range of shear stresses, the local
viscosities “felt” by the settling particles are presumably around 105 mPa ⋅ s or higher.
This is apparently the main reason why the sedimentation rate of the titania particles is
extremely slow and the particles remain suspended for time scales of 18 months or more.
By contrast, the wall shear-stresses in gravity-driven bulk flows in capillary tubes with
diameters of 0.3 to 0.7 mm are about 1 to 10 Pa. At these relative high shear stresses, the
viscosities are much lower, ca. 10 mPa∙s. Thus, these close-packed DDAB vesicular
dispersions provide an optimal resistance against the sedimentation of the titania particles
with diameters about 300±100 nm, without impeding the bulk dispersion. It has to be
noticed that if the vesicular dispersion flows through a capillary tube with an extremely
small diameter of 300 to 700 nm, the wall shear stress would be much smaller, around
0.001 to 0.01 Pa, and the vesicular dispersion would not be able to flow easily.

Figure 7.3 Shear viscosity 𝜂 of 2.0 wt% DDAB vesicular dispersion vs. shear stress 𝜏 (■)
and vs. shear rate 𝛾̇ (▲).
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7.4

Brownian dynamic simulations details

7.4.1

Simulations of particle sedimentation

In a BD simulation, the trajectories of the motion of spherical particles in an
isotropic fluid with no hydrodynamic interactions between the particles can be described
by the twice-integrated Langevin equation.
𝐷

𝒓(𝑡 + Δ𝑡) = 𝒓(𝑡) + 𝑘

B𝑇

𝑭Δ𝑡 + 𝑯(Δ𝑡)

(1-10)

where 𝒓 is the position vector of the particles, Δ𝑡 is the integration time step, and 𝐷 is the
diffusion coefficient of the single particle. Equation (1-10) is valid, when the chosen
value of Δ𝑡 is at least an order of magnitude larger than the Brownian time 𝑡𝐵 of the
particle.
𝑡B ≡

𝑑2 𝜌
18𝜂

(1-11)

An in-house code was developed for the BD simulations for mixtures of two types of
colloidal spherical particles: (a) high-𝑃𝑒g particles with 𝑃𝑒g1 = 12000, a volume fraction
𝜙1 of 0.01, a fixed diameter 𝑑1 of 250 nm, and Δ𝜌1 = 3.2 g/cm3, mimicking the dense
titania particles; (b) zero-𝑃𝑒g particles with 𝜙2 either equal to zero, or ranging from 0.15
to 0.53, a fixed diameter 𝑑2 , ranging from 200 to 500 nm in different simulations, and a
density difference of zero, representing non-sedimenting “rigid” DDAB vesicles. The
particles’ monodispersity and sphericity are an approximation of the actual systems, since
both the titania particles and the DDAB vesicles are non-spherical with wide ranges of
size distributions. The high-𝑃𝑒g and the zero-𝑃𝑒g particles will be called “dense particles”
and “light particles”, respectively. Moreover, we use the term “suspension” for the dense
particles and “dispersion” for the light particles in the later section, to remind the reader
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that the results refer to the titania particle suspension and the DDAB vesicular dispersion,
respectively. The Brownian times of the dense and the light particles are 𝑡B1 = 1.63×10-8
s and 𝑡B2 = 2.33×10-9 to 1.46×10-8, respectively, and the ratio of 𝑡B1 to 𝑡B2 is in the range
of 1.12 to 7.00. Both types of particles are assumed to be rigid, undeformable, not
overlapping with each other, and not agglomerating.
Simulations were done after making the variables in Eq. (1-10) dimensionless with
𝑑1 and 𝑡B2 as the references. For ensuring adequate particle displacements in each time
step for both types of particles, we set Δ𝑡 = 20 to 70 𝑡B2 , or equivalently Δ𝑡 = 10 to
20 𝑡B1 . The simulations were performed in a rectangular cell with periodic boundary
conditions in the x and y direction only and under, in order to manage the computation
time, two categories: (a) with the number of the dense particles 𝑁1 =1000 and the
number of the light particles 𝑁2 = 5000 to 18000, when 𝑑2 > 𝑑1; or (b) with 𝑁1 = 200
and 𝑁2 =4000 to 12000 when 𝑑2 ≤ 𝑑1. The ratio of the height-to-length-to-width of the
cell was 3:1:1. The cell size was determined from the values of 𝜙1 and 𝑁1 .
Four types of external forces acting on the particles were considered: the net
gravitational force 𝐹g , the overall DLVO interparticle forces 𝐹DLVO , and the forces 𝐹w due
to the confinement by impenetrable walls at the bottom and the top of the cell. Firstly,
1

𝐹g = − 6 𝜋𝑑3 𝛥𝜌𝑔

(7-1)

In order to have a large value of 𝑃𝑒g1, of about 12000, a large gravitational acceleration
constant 𝑔 = 104× 𝑔0 was chosen, where 𝑔0 is the normal gravity constant (9.8 m/s2),
since the 𝑃𝑒g1-value depends on the cell height 𝐿, which was of microscopic dimension,
about 78× 𝑑1 . The DLVO potential ΦDLVO , which is the sum of the van der Waals
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attraction and the electrostatic repulsion,4,
interparticle force 𝐹DLVO = −

dΦDLVO
d𝑥

62, 145

was used to determine the DLVO

. The van der Waals attractive potential energy

vdw
Φ𝑖𝑗
between two non-identical spherical particles i and j with diameters 𝑑𝑖 and 𝑑𝑗

respectively, is
vdw
Φ𝑖𝑗
(𝐴𝑖𝑗 , 𝑑𝑖 , 𝑑𝑖 , 𝑟𝑖𝑗 )

=−

𝐴𝑖𝑗
6

[

2𝑑𝑖 𝑑𝑗

2 −(𝑑 +𝑑 )
4𝑟𝑖𝑗
𝑖
𝑗

2

+

2𝑑𝑖 𝑑𝑗
2 −(𝑑 −𝑑 )
4𝑟𝑖𝑗
𝑖
𝑗

2

+ ln (

2
4𝑟𝑖𝑗
−(𝑑𝑖 +𝑑𝑗 )

2

2 −(𝑑 −𝑑 )
4𝑟𝑖𝑗
𝑖
𝑗

2

)]

(1-2)

where 𝐴𝑖𝑗 is the Hamaker constant for particles i and j and 𝑟𝑖𝑗 is the center-to-center
distance between the particles. For a solution of symmetric z:z electrolyte with a
concentration 𝑐e , for which the ionic strength 𝐼 is equal to 𝑧𝑐e , the electrostatic repulsive
el
potential energy Φ𝑖𝑗
between particle i and j is expressed by Eq. (7-3) under the

condition of constant surface potential according to the Hogg-Healy-Fuerstenau (HHF)
equation.
el
Φ𝑖𝑗
( 𝑑𝑖 , 𝑑𝑖 , 𝑟𝑖𝑗 , 𝜓𝑖 , 𝜓𝑗 , 𝐼)

= 𝜋𝜖0 𝜖𝑟

(1-4)

𝑑𝑖 𝑑𝑗
2𝜓𝑖 𝜓𝑗
1 + 𝑒 −𝜅ℎ𝑖𝑗
(𝜓𝑖2 + 𝜓𝑗2 ) × [ 2
ln
(
) + ln(1 − 𝑒 −2𝜅ℎ𝑖𝑗 )]
2
𝜅ℎ
−
𝑖𝑗
2(𝑑𝑖 + 𝑑𝑗 )
𝜓𝑖 + 𝜓𝑗
1−𝑒

where 𝜖0 is vacuum permittivity, 𝜖𝑟 is the relative permittivity of the solvent, 𝜓𝑖 and 𝜓𝑗
1

is the surface potentials of particles i and j, ℎ𝑖𝑗 = 𝑟𝑖𝑗 − 2 (𝑑𝑖 + 𝑑𝑗 ) is the surface-to2𝑒 2 𝑧 2 𝑁A 𝐼

surface separation distance, and 𝜅 = √ 𝜖

0 𝜖𝑟 𝑘B 𝑇

is the inverse Debye length, in which 𝑁A

is Avogadro’s constant and 𝑒 is the elementary charge. In order to prevent the particles
from agglomerating in the simulations, a weak vdW attraction and a strong electrostatic
repulsion were used, with a resulting strong repulsive barrier. All three Hamaker
constants, 𝐴11 , 𝐴12 , and 𝐴22 , were taken, for simplicity, to be equal to 0.5 𝑘B 𝑇. The
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surface potentials for both types of particles were set to be -25 mV, and the ionic strength
was set at 1 mM. Then, the Debye length 𝜅 −1 was equal to 9.6 nm, which is less than 5%
of 𝑑1 and 𝑑2 . These parameters resulted in a DLVO potential energy with a sufficiently
high energy barrier of 40 to 100 𝑘B 𝑇, ensuring that the particles remain unagglomerated.
Lastly, the repulsive force portion of the Lennard-Jones-type potential was chosen to
describe the confinement forces 𝐹w , in the z-direction only, between the particles and the
walls.
𝑑

13

𝐹w = ±24𝜀 ( ℎ1 )

(7-2)

where ℎ is the separation distance between the particle surface and the wall, and the
positive and negative signs are for the bottom and the top wall, respectively, and 𝜀 is the
characteristic energy of interaction between the particle and the wall, and is taken to be
equal to the Hamaker constant 𝐴11 for convenient.
Initially, the particles were placed at positions corresponding to an fcc lattice
structure to avoid overlap configurations, since it was difficult to place the particles
randomly at high total volume fractions when 𝜙1 + 𝜙2 > 0.25. Then, a large number of
relaxation time steps ( ≥ 105 ) was used to “melt” the fcc configuration. A random initial
configuration was, therefore, obtained. Five or more separate simulation runs were done
in each case, and the averages are reported. The case of dense particles with no light
particles (𝜙2 = 0) was run first, to obtain the benchmark sedimentation time of the dense
particles. Then, the effects of 𝜙2 and 𝑑2 on stabilizing, or slowing down, the
sedimentation of the dense particles were investigated. The positions and the timedependent concentration profiles of both types of particles were also determined.
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7.4.2

Simulation of shear viscosities or macroviscosities

The shear-viscosities of the bulk dispersions, containing only the light particles with
𝑑2 = 500 nm and 𝜙2 = 0.01-0.55, were computed. The BD simulations were done
similarly as described in Section 7.4.1, except that (a) the simulations were done in a
cubic cell with 𝑁2 = 2000, and the volume of the cubic cell, 𝑉, was determined from the
values of 𝑑2 , 𝑁2 , and 𝜙2 , and (b) no gravitational forces and the confinement forces were
considered.
Under the zero-shear limit, one may use the following Green-Kubo equation147 to
determine the zero-shear viscosity 𝜂0
′
𝜂0 = 𝜂∞
+𝑘

∞
∫0 〈𝜎𝑥𝑦 (𝑡)𝜎𝑥𝑦 (0)〉d𝑡
𝑇
B
𝑉

(7-3)
5

′
where 𝜂∞
is the “infinite-shear-rate viscosity” (it is given by the formula 𝜂s (1 + 2 𝜙) in

the absence of hydrodynamic interactions between the particles with a particle volume
fraction 𝜙, where 𝜂𝑠 is the solvent viscosity or the viscosity of the continuum phase), and
𝜎𝑥𝑦 (𝑡) is the 𝑥𝑦 component of the instantaneous stress tensor resulting from the
interparticle forces. Although the time average of 𝜎𝑥𝑦 (𝑡) is zero, it fluctuates about its
average value due to the Brownian motion of the particles. The shear stress
autocorrelation function 〈𝜎𝑥𝑦 (𝑡)𝜎𝑥𝑦 (0)〉 is a measure of how fast these fluctuations
become uncorrelated. Since there are no preferred directions at equilibrium, the
autocorrelation functions of 𝜎𝑦𝑧 and 𝜎𝑧𝑥 were also calculated. The average value of the
three components was used in Eq. (7-3) to reduce the statistical noise and minimize the
standard deviation.
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Under shear, a steady linear velocity profile with a velocity gradient, or a shear rate
𝛾̇ = d𝑢𝑥 /d𝑟𝑧 , in x-direction is applied with the use of Lees-Edwards (LE) boundary
conditions.148-151 These LE boundary conditions are extensions of the periodic boundary
conditions, allowing the simulations of a dispersion in a simple shear flow and
minimizing the total number of the particles in the simulations. The shear stress resulting
from only the interparticle potential energy Φ is142, 144
1

𝑁
𝜎𝑧𝑥 = ∑𝑁−1
𝑖=1 ∑𝑗=𝑖+1
𝑉

𝑧 𝑥
𝑟𝑖𝑗
𝑟𝑖𝑗 𝑑Φ𝑖𝑗

𝑟𝑖𝑗

(

𝑑𝑟𝑖𝑗

)

(7-4)

where Φ𝑖𝑗 is the potential energy between the particles i and j, 𝑟𝑖𝑗 is the center-to-center
distance, and 𝑟𝑖𝑗𝑥 and 𝑟𝑖𝑗𝑧 is the 𝑥 component and 𝑧 component of the center-to-center
distance vector. The instantaneous shear stress was calculated every 100 time steps. Then
their average 〈𝜎𝑧𝑥 〉 was recorded every 105 steps. The systems were determined to reach a
steady state, where at least 10 continuous average shear stresses fluctuated by ±5% or
less. The steady-state shear stress, 〈𝜎𝑧𝑥 〉𝑠𝑠 , was then calculated as the average of those
continuous fluctuated average shear stresses. The shear viscosity contributed by the
interparticle forces, 𝜂p , was given by
𝜂p = −〈𝜎𝑧𝑥 〉𝑠𝑠 /𝛾̇

(7-5)

The steady state non-equilibrium average viscosity of the dispersion 𝜂 with simple shear
was, therefore, calculated as the sum of the contribution by the interparticle forces and by
′
the hydrodynamics of the flow of isolated single particles 𝜂∞
, while the hydrodynamic

interactions between the particles were not concerned in this study.144, 152
′
𝜂 = 𝜂p + 𝜂∞

(7-6)
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In order to show the relative importance of the shearing force and the Brownian force,
the shear-rate based Peclet number, 𝑃𝑒γ̇ , was used. It is defined as the ratio of the shear
rate to the diffusion rate of a single particle, or shear-induced mass transfer rate to the
diffusion mass transfer rate of a single particle.
𝑃𝑒𝛾̇ ≡

𝑑 2
2

𝛾̇ ( )
𝐷

𝑑

= 6𝜋𝜂𝑠 ( 2 )3 𝛾̇ /𝑘B 𝑇

(7-7)

where 𝑑 is the diameter of the particle, 𝛾̇ is the shear rate, 𝐷(= 𝑘B 𝑇/3𝜋𝑑𝜂𝑠 ) is the
diffusion coefficient for the single particle from the Stokes-Einstein equation, 𝜂𝑠 is the
viscosity of the continuous phase, 𝑘B is the Boltzmann constant, and T is the absolute
temperature.

7.4.3

Simulation of microviscosities

The rheology at the microscopic scale, or “microrheology”, represents the local
viscous or elastic properties.141, 146, 153-157 A classical microrheology experiment involves
tracking of the motion of one or more colloidal particles due either to thermal fluctuations
(passive microrheology) or to an external perturbation (active microrheology), in order to
infer the flow resistance properties of the surrounding environment.153-157 Here, we
examine with BD simulations the active microrheology for particles with DLVO-type
interactions, as done by Carpen and Brady141 and by Gnann et al.146 for hard sphere
dispersions. In these simulations, a “probe” particle with 𝑑1 = 250 nm is forced to move
through a collection, or “bath,” of particles with 𝑑2 = 500 nm and 𝜙2 = 0.01-0.45, with
either a constant external force exerted on the probe particle, or with the probe particle
moving at a constant velocity. The corresponding response of the probe particle to the
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external perturbation was examined to obtain the average velocity for a constant external
force, or the average force for a constant velocity. The simulation setup is about the same
as in Section 7.4.1, except (a) that the simulations were performed in a cubic cell, the
volume of which is calculated from the values of 𝑁2 and 𝜙2 , with periodic boundary
conditions in all directions, and (b) that no gravitational or confinement forces were
considered.
For the constant force case, a constant external force 𝐹𝑥 was applied on the probe
particle. The displacement of the probe particle Δ𝑋 was computed every 𝑚 time steps Δ𝑡
and was used to calculate the velocity, Δ𝑋/𝑚Δ𝑡, resulting from the applied external force.
The value of 𝑚 was chosen to range from 1×53 to 5×107, depending on the values of 𝜙2
and 𝐹𝑥 . In general, for systems with higher 𝜙2 or lower 𝐹𝑥 , higher 𝑚 values were used to
reduce the Brownian fluctuations. At least 10 continuous velocities were averaged out,
and the average velocity 〈𝑈𝑥 〉 was used for calculating the effective viscosity 𝜂eff of the
dispersion of the bath particles from Stokes law.
𝜂eff = 𝐹𝑥 /3𝜋𝑑1 〈𝑈𝑥 〉

(7-8)

For the constant velocity case, a constant velocity 𝑈𝑥 was imposed on the probe
particle, and the average force 〈𝐹𝑥 〉 required to maintain this constant velocity was
calculated over a time period of 𝑚Δ𝑡, where 𝑚 ranged from 1×54 to 1×109, depending
again on the values of 𝜙2 and 𝐹𝑥 . From Stokes law, the effective microviscosity was then,
𝜂eff = 〈𝐹𝑥 〉/3𝜋𝑑1 𝑈𝑥

(7-9)

For quantifying the relative strength of the external perturbation and the Brownian
fluctuation, two Peclet numbers, a force-based Peclet number, 𝑃𝑒F , and a velocity-based
Peclet number, 𝑃𝑒U , were defined.

187
𝑃𝑒𝐹 ≡
𝑃𝑒𝑈 ≡

𝐹𝑥 𝑑1

(7-10)

2𝑘B 𝑇
𝑈𝑥 𝑑1

(7-11)

2𝐷

The simulation results are in the following sections.

7.5

Simulation results and discussion

7.5.1

Results on particle sedimentation

7.5.1.1 Suspension of dense particles only
For the dense particles with 𝑃𝑒g ≅ 12000 and 𝑑1 = 250 nm, and for 𝜙1 = 0.01, each
simulation started with a uniform particle concentration profile. The time evolution of the
particle positions and their concentration profiles of the particles were followed. The
concentration profiles, shown in Figure 7.4, were in agreement with the predictions from
the Mason-Weaver equation, which is an unsteady-state sedimentation-diffusion equation
for a suspension of monodisperse spherical particles.25 The particles sedimented
𝑡

completely from the top 5% of the cell at time 𝜏1 ≡ 𝑡 1 = 7.4×104. This value will serve
B1

as the computed benchmark timescale for the simulations of Section 7.5.1.2. The particles
sedimented completely by half height (which equal to 39× 𝑑1 ) at 𝜏 = 5.6×105, and
completely to the bottom at 𝜏 = 1.5×106. At steady state, the particle concentration or the
volume fraction at the bottom was about 0.43, which is smaller than the fluid-solid
transition that first occurs for hard spheres at a packing fraction of 0.49,158-160 and the
most dense regular packing limit of 0.74. If the electrical double layer is considered to
give rise to an effective diameter 𝑑eff , the effective volume fraction would be 0.54, when
𝑑eff = 𝑑 + 2𝜅 −1 . The sedimentation velocity of the particles was about 0.113±0.002
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cm/s, about the same as the value of 0.115 cm/s estimated from Stokes law. This
agreement implies that diffusion has little effect at such a large gravitational Peclet
number, as expected.

Figure 7.4 Snapshots of the particle positions, in dimensionless scales, at 𝜏 ≡ 𝑡/𝑡B1 = 0,
7.4×104, 5.6×105, and 1.5×106 as projected to the 𝑥𝑧 plane. The dashed lines are at 𝑧 =
0.95, to guide the eye.

7.5.1.2 Mixtures of dense particles and light particles
Mixtures of dense particles with 𝑃𝑒g1 ≅ 12000, 𝑑1 = 250 nm, and 𝜙1 =0.01 and of
light particles with 𝑃𝑒g2 = 0, values of 𝑑2 ranging from 200 to 500 nm, and values of 𝜙2
ranging from 0.15 to 0.53 were examined. The simulations started with uniform
concentration profiles of the dense particles and of the light particles. The time evolution
of the concentration profiles for both types of particles was monitored. At times 𝜏 equal
to 1000×𝜏1 and 3000×𝜏1 (see Section 7.5.1.1), the particles concentration profiles were
nearly identical, suggesting that the systems reached their steady state at 𝜏 = 1000×𝜏1 .
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Thus, the particles concentration profiles were inspected at this shorter time scale of
1000×𝜏1 in subsequent calculations.
The suspensions were classified into three groups, depending on the dimensionless
particle concentration of the dense particles at the top 5% of the cell, 𝑐1 (5%), which is
normalized by the initial concentration: (1) “unstable” suspensions (US), for which
𝑐1 (5%) ≤ 0.2; (2) “stable” suspensions (S), for which 𝑐1 (5%) ≥ 0.7; (3) “somewhat
unstable” suspensions (T), in a transition region, at which 𝑐1 (5%) ≅ 0.2-0.7. For
example, for mixtures with 𝑑2 = 300 nm, at 𝜙2 = 0.21-0.35, 𝑐1 (5%) ≅ 0; hence, the
suspensions were unstable; at 𝜙2 = 0.36-0.37, 𝑐1 (5%) ≅ 0.20; the suspensions were in
the transition region; at 𝜙2 = 0.38, 0.41, or 0.43, 𝑐1 (5%) > 0.8; the suspensions were
stable; see Figure 7.5(a).

(a)

(b)

(c)

Figure 7.5 (a) Dimensionless concentrations of the dense particles at the top 5% of the
cell, 𝑐1 (5%) for mixtures with 𝑑2 = 300 nm and various values of 𝜙2 . Snapshots of the
particle position at 𝜏 = 1000×𝜏1 for the mixtures with 𝑑2 = 300 nm and (b) 𝜙2 = 0.21, a
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typical snapshot of an unstable suspension; or (c) 𝜙2 = 0.43, a typical snapshot of a
stable suspension.

In Figure 7.5(b), the snapshot for the suspension with 𝜙2 = 0.21 shows that the
dense particles (black, closed circles) sediment completely to the cell bottom, and the
light particles (blue, open circles) are pushed away from the bottom by the dense particles;
the suspension was unstable. By contrast, the snapshot for the suspension with 𝜙2 = 0.43,
Figure 7.5 (c), shows that the dense particles are suspended at random locations in the
light particle dispersions, and hence the suspension was stable.
The values of 𝑐1 (5%) were affected mainly by the volume fraction of the light
particles 𝜙2 , although the size of the light particles 𝑑2 also had some impact; see Figure
7.6 and its projection on the 𝑑2 − 𝜙2 plane in Figure 7.7(a). For mixtures with 𝑑2 = 200
nm, the suspensions are unstable at the low 𝜙2 -values of 0.15, 0.18, 0.20, 0.23, and 0.26.
The suspension becomes more stable at 𝜙2 = 0.30, and remains stable at higher 𝜙2 . The
same trends with 𝜙2 were observed for all sizes of the light particles. The dense particles
can be stabilized by the light particles with sufficiently high volume fractions 𝜙2 . For
larger light particles, a higher volume fraction 𝜙2 would be needed to provide good
stability against sedimentation. A linear empirical relationship between 𝑑2 and 𝜙2 was
found for the lower bound of the stable dispersion: 𝜙2 = 0.000681𝑑2 + 0.166. From
this equation, one may estimate the volume fraction of the light particles needed to
stabilize the dense particles.
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Figure 7.6 The dense particle concentration at top 5% of the simulation box, 𝑐1 (5%), at
𝜏 = 1000×𝜏1 with various values of 𝑑2 ranging from 200 to 500 nm, and various values
of 𝜙2 ranging from 0.15 to 0.55. The ionic strength used in these systems was 1 mM.

(a)

(b)

Figure 7.7 The stability diagram of the dense particles in the binary mixtures with various
diameters 𝑑2 and volume fractions 𝜙2 with an ionic strength of (a) 1 mM and (b) 0.15
mM. The squares (■) represent that the suspensions are stable, the circles (●) represent
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that the suspensions are somewhat unstable in the transition region (T), and the triangles
(▲) represent the unstable suspensions. The dashed lines are the lower bounds of the
stable suspension.

To examine the possible effects of the use of the DLVO potentials, the ionic
strength was varied from 1 to 0.15 mM; then, the Debye length increased from 9.6 to 24.6
nm. The stability diagram of the dense particles against sedimentation in the binary
mixtures is shown in Figure 7.7(b). The trends of 𝜙2 and of 𝑑2 are the same, and a linear
relation between 𝑑2 and 𝜙2 was observed again for the lower bound for a stable
dispersion. This lower bound was shifted slightly downward, probably due to a higher
effective size of the light particles. The 𝜙2 − 𝑑2 relation is 𝜙2 = 0.000583𝑑2 + 0.102.

7.5.2

Results on shear viscosity or macroviscosity

The steady-state shear-viscosity of the bulk dispersion of the light particles with
𝑑2 = 500 nm and various 𝜙2 -vales ranging from 0.1 to 0.55 was examined for 𝑃𝑒γ̇
ranging from 0.2 to 50. For 𝜙2 = 0.1 or 0.2, the dispersion behaves as Newtonian fluid,
and the shear viscosity is the same as the zero-shear-limit viscosity for the 𝑃𝑒γ̇ -range we
examined; see Figure 7.8. For 𝜙2 ≥ 0.35, the dispersions are shear-thinning. At low shear
rates, or 𝑃𝑒γ̇ ≪ 1, 𝜂 ≅ 𝜂0 . At high shear rates, or 𝑃𝑒γ̇ ≫ 10, where the Brownian motion
becomes negligible relative to the motion due to the shearing force, the viscosity reaches
a limit that depends only on the volume fraction, and that limiting values are smaller than
10. The results indicate that the bulk dispersion has a reasonable followability even at
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high volume fractions, and also suggest that the bulk suspensions containing mostly light
particles and small amount of the dense particles have an ability to flow.

Figure 7.8 Zero-shear viscosities normalized by the solvent viscosity (dashed line on the
left) and the normalized steady-state shear viscosities (solid circles) for dispersions
containing light particles with diameter of 500 nm and various values of volume fractions
𝜙2 as indicated.

7.5.3

Results on microviscosity

7.5.3.1 Constant force simulations
A single-probe particle (𝑑1 = 250 nm) was pulled through a large number of bath
particles (𝑑2 = 500 nm) for a range of volume fractions, 0.01 ≤ 𝜙2 ≤ 0.45, and forcebased Peclect numbers, 10−1 ≤ 𝑃𝑒F ≤ 104 , to examine the effects of the driving force
on the local viscosity, or the effective microviscosity, around the probe particle under
different volume fractions of the bath particles. The reduced microviscoisty 𝜂eff /𝜂s ,
which is the effective microviscosity normalized by the solvent viscosity, is plotted
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against 𝑃𝑒F for various 𝜙2 -values in Figure 7.9. For 𝜙2 ≤ 0.10, the reduced
microviscsoity is about 1.0 for all 𝑃𝑒𝐹 -values tested. At these low volume fractions, there
are too few bath particles in the vicinity of the probe particle to have, on average, any
impact on its motion, when no hydrodynamic interparticle interactions are considered,
but they might have some effects, if included.161

Figure 7.9 The reduced effective microviscosities vs. the force-based Peclet number,
𝐹 𝑑

𝑃𝑒F ≡ 2𝑘𝑥 1𝑇, for a constant force system and various volume fractions. The dashed line is
𝐵

at 𝑃𝑒F = 25 to guide the eye.

For 0.20 ≤ 𝜙2 ≤ 0.30, at 𝑃𝑒F ≤ 0.2, the relative viscosity is again about 1.0, because
the driving force on the probe particle was much smaller that the Brownian force. Hence,
the motion of the probe particle is primarily due to the Brownian fluctuation, and the
effective microviscosity is, therefore, nearly the same as the solvent viscosity. For
0.5 ≤ 𝑃𝑒F < 1, a linear relation between the applied force and the responding velocity
was observed, and there is a Newtonian plateau for the effective microviscosity. As 𝑃𝑒F -
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value increases further, the microviscosity is “force-thinning” (decreases with increasing
force), analogously to “shear-thinning,” suggesting that the probe particle perturbs the
surrounding microstructure, and rearrange the positions of the surrounding light particles.
At high 𝑃𝑒F , over 1000, a second Newtonian plateau is observed.
At high volume fractions, 𝜙2 ≥ 0.35, the effective microviscosity 𝜂eff shows a
qualitatively different behavior. For 𝜙2 = 0.35 and 0.40, at 𝑃𝑒F ≈ 1, the reduced
microviscosities are around 1000, with large standard deviations. These large 𝜂eff -values
suggest that the probe particle motion is severely hindered by the bath particles. For the
highest volume fraction examined, 𝜙2 = 0.45, the dispersion has a very large
microviscosity at 𝑃𝑒F ≈ 1. Therefore, to some extent, the probe particle is “caged,” by
the bath particles, which provide a strong resistance to the motion of the dense particle.
The reduced microviscosity for 𝜙2 = 0.35, 0.40, and 0.45, drop to around 30, 100, and
3000, respectively at 𝑃𝑒F ≈ 25, and to around 10 or less at 𝑃𝑒F > 1000. When the driving
force is large, the persistent motion of the probe particle is strong enough to “deconstruct”
its local environment, pushing the densely-packed bath particles out of its way. Such
behavior has been reported in confocal microscopy data by Habdas et al.162 and
confirmed by BD simulations by Carpen and Brady141 and by Gnann et al.146
For 𝑃𝑒F > 1000, no BD simulation results were obtained because of the difficulty in
preventing the artificial agglomeration of the probe particle with the bath particles. At
this large driving force, and due to the discrete nature of the BDS algorithm, the probe
particle can sometimes “jump” over the repulsive barrier between itself and another
particle, resulting in an agglomeration event.
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This force-induced microrheology is consistent with the BDS results of the
sedimentation behavior of the dense particles in Section 7.5.1.2, where the dense particles
remained suspended in the suspensions containing the light particles with 𝑑2 = 500 nm at
𝜙2 ≥ 0.5. The gravitational force acting on the dense particles can be considered as the
driving force applied on the probe particle. The microviscosity of the bath particles is the
local viscosity “felt” by the dense particles, surrounded by the light particles. The
gravitational force on the dense particles (𝑑1 = 250 nm and 𝛥𝜌 = 3200 kg/m3) is about
8.16×10-13 N with 𝑔 = 9.8×13 m/s2, and the force-based Peclet number is therefore
around 25. For 𝑃𝑒F = 25, at 𝜙2 ≤ 0.30, the reduced viscosities are smaller than 10, and
at 𝜙2 = 0.35 or 0.40, the reduced microviscosity is about 33 or 100. The rate of particle
sedimentation is reduced at most by about 100-fold, compared to that in the absence of
the light particles; the dense particles sediment eventually. At 𝜙2 = 0.45, 𝜂eff /𝜂𝑠 is
around 3000 with a large standard deviation, the dense particles can remain suspended for
times larger than their original sedimentation times by around 3000 times. The large
standard deviations imply, however, that some suspensions could be unstable under this
condition, and suggest an explanation on why the suspension with 𝜙2 ≈ 0.45 is
somewhat unstable and in the transition region. Although no microviscosities were
obtainable by BD simulation at 𝜙2 > 0.50, we speculate that they would be even higher,
and that the dense particles would remain suspended for even longer times, as observed
in Section 7.5.1.2.
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7.5.3.2 Constant velocity simulations
Rather than by imposing a fixed external force on the probe particle (𝑑1 = 250 nm),
the probe particle was pulled through the bath particles (𝑑2 = 500 nm) with a constant
velocity. We thus computed the local viscosity around the probe particles at different
volume fractions of the bath particles, 𝜙2 , ranging from 0.01 to 0.45, when 10-1 ≤ 𝑃𝑒U ≤
104. The effective viscosity was normalized by the solvent viscosity and then plotted
against the velocity-based Peclet number in Figure 7.10. For 𝜙2 ≤0.10, the reduced
microviscosity is about 1.0 for the 𝑃𝑒𝑈 -range we examined, and are qualitatively
consistent with the ones for the fixed force cases. In such dilute dispersions, the bath
particles have, on average, no impact on the motion of the probe particle. For 0.20 ≤
𝜙2 ≤ 0.30, the relative viscosity decreases with increasing 𝑃𝑒U and reaches a plateau at
𝑃𝑒𝑈 ≥ 200, suggesting that the probe particle rearrange the surrounding light particles, as
observed by Swan et al.161 In this 𝜙2 -range, the 𝜂eff -values obtained from the constant
velocity cases and the constant force cases differ by around 60% for 𝑃𝑒𝑈 ≤ 0.20, but are
essentially the same for 𝑃𝑒𝑈 ≥ 0.5.
For higher volume fractions, or 𝜙2 = 0.35, 0.40, and 0.45, the effective
microviscosities are velocity-thinning (decrease with increasing velocity), as for 0.20 ≤
𝜙2 ≤ 0.30, but have higher values, and seem to reach their plateaus at 𝑃𝑒𝑈 > 200. For
even higher 𝑃𝑒𝑈 -values, no simulation results would be obtained since the probe particle
“jumps” over the interparticle repulsive barriers between itself and another particle to
cause an artificial agglomeration between itself and the bath particles. For these volume
fractions, the fixed-velocity microviscosities were much smaller by several orders of
magnitude than the fixed-force microviscosities. This discrepancy might result from the
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discrete nature of the BDS algorithm since the time step has to be always of magnitude an
order larger than the Brownian time. At such higher volume fractions, the probe particle
with a fixed velocity might jump through the position, which has the minimum separation
distance between the probe particle and a bath particle, yielding a smaller experienced
resistance. By contrast, the probe particle in the fixed force mode has no chance to jump
through that position yielding a larger, but more realistic, resistance.

Figure 7.10 The reduced microviscosity, the effective microviscosity 𝜂eff normalized by
the solvent viscosity 𝜂s , with various volume fractions are plotted against the force-based
Peclet number, 𝑃𝑒U ≡

𝑈𝑑1
2𝐷

, for a constant velocity system. The dashed line is at 𝑃𝑒U = 25

to guide the eye.
7.6

Conclusions

In Chapter 6, we presented a novel use of close-packed vesicular dispersions for
stabilizing commercial titania particles with 𝛥𝜌 =3.2 g/cm3 and 𝑑TiO2 = 300±100 nm.139
Some key data were shown again in this chapter, to enable the reader to understand the
scope of the work on the Brownian dynamic simulations (BDS). A double-chain cationic
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surfactant, didodecyldimethyl ammonium bromide (DDAB), forming vesicular
dispersions, was chosen for study. The sedimentation stability of 1 wt% titania particles
in either 0.5 wt% or 2.0 wt% DDAB vesicular dispersions was examined. A marked
difference was observed in these two cases. Whereas, at the lower 𝑐DDAB , the particles
sedimented completely after 2 months; at the higher 𝑐DDAB , they remained suspended for
at least 18 months. A stabilization mechanism against sedimentation was proposed, and is
supported by many lines of evidence, including cryoTEM microscopy. At low DDAB
concentrations, less than 1.0 wt%, the volume fractions of the vesicles are quite small,
and the vesicles and the titania particles can easily move around. By contrast, at 𝑐DDAB
over 1.0 wt%, the volume fractions of the deformable vesicles become quite high, higher
than 0.7, exceeding the close-packed limit for rigid spheres. Hence, the vesicles trap
themselves into a foam-like microstructure. In turn, the titania particles become trapped
in this microstructure. Such close-packed vesicular dispersions provide a high resistance
against the diffusive or gravity-induced motion of the titania particles. Nonetheless, the
vesicular dispersions are highly shear-thinning. At high shear rates or shear stresses, the
flow of the overall bulk suspension is not significantly impeded. The bulk viscosity
remains low, allowing easy flow in ink-jet printers and other applications.
To elucidate theoretically the key factors of the mechanism by which vesicles or
non-settling particles can stabilize dense particles, we have used BD simulations. For
suspensions consisting of dense particles (𝑑1 = 250 nm, 𝜙1 = 0.01, and 𝑃𝑒g1 = 12000)
and light particles (𝑑2 = 200-500 nm, 𝜙2 = 0.15-0.55, and 𝑃𝑒g2 = 0), to mimic certain
conditions of the experimental results. At these conditions, the dense particles are
predicted to sediment rapidly in the absence of other particles, as it occurred for the
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titania particles. The light particles remain suspended indefinitely under gravity, and
represent the vesicles, which are now assumed to be rigid for simplicity. The particles are
assumed to interact with DLVO potentials, the parameters of which are chosen to
represent strong interparticle repulsions among non-agglomerating particles. The
parameters chosen to achieve this goal were 𝐴11 = 𝐴12 = 𝐴22 = 0.5𝑘B 𝑇, 𝜁1 = 𝜁2 = -25
mV, and 𝐼 =1 mM or 0.15 mM. The repulsive DLVO energy barrier ranges from 40𝑘B 𝑇
to 100𝑘B 𝑇. The Debye lengths are 9.6 nm and 24.6 nm for 𝐼 = 1 mM and 𝐼 = 0.15 mM.
In both cases, the simulation results show that the stability of the dense particles against
sedimentation improves with increasing volume fraction of the light particles, 𝜙2 . When
𝜙2 exceeds a threshold, the dense particles are found to remain suspended for very long
times. Furthermore, this threshold was found to be higher for larger light particles. The
threshold results of 𝜙2 vs 𝑑2 were fit to two linear empirical relationships: 𝜙2 =
0.001d2 + 0.166 for 𝐼 = 1 mM , and 𝜙2 = 0.001𝑑2 + 0.102 for 𝐼 = 0.15 mM . For a
given 𝑑2 , the 𝜙2 -thresholds are slightly higher at the higher ionic strength at which the
effective volume fraction is smaller.
A large effective volume fraction may be achieved for the same-size light particles
by using charged light particles, or by attaching a polymer or a long-chain surfactant to
the light particle surfaces. Moreover, if deformable light particles, such as DDAB
vesicles, are used, the volume fraction needed for stabilizing the dense particles would
need to be higher than predicted by the BD simulation.
The macroviscosities (or shear viscosity) of dispersions of light particles were also
computed as a function of 𝜙2 for 𝑑2 = 500 nm and a wide range of shear rates (or 𝑃𝑒γ̇ ).
They are a measure of whether the light particle dispersions can maintain their
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flowability while stabilizing the dense particles against sedimentation. At low shear rates,
or low values of 𝑃𝑒γ̇ , the dispersions are predicted to be Newtonian, with bulk viscosities
approaching their zero-shear-limit values. At moderate shear rates, 0.5 < 𝑃𝑒𝛾̇ < 10, the
dispersions show shear-thinning behaviors. At even higher shear rates, the dispersions
reach another viscosity plateau, at which the viscosities depend only on 𝜙2 , and their
values are lower than 10 times the solvent’s bulk viscosity. These low values suggest that
the dispersions retain their ability to flow under moderate shear rates (or stresses) even
though they provide resistance to the settling of the dense particles.
The microviscosity of the light particles was examined for 𝑑2 = 500 nm and 𝜙2
ranging from 0.01 to 0.45 by pulling a probe particle through a collection of the light
particles, and examining the response of the probe particle motion to the external
perturbation. The results show that the probe particle, with either a constant external
force exerted on it or at constant velocity, rearranges the positions of the surrounding
light particles, resulting in a force-thinning or a velocity-thinning behavior. However, the
fixed-force microviscosity and the fixed-velocity microviscosity are fundamentally
different. The local viscosities around the dense particles, or those “felt” by the dense
particles, are closer to the values of the fixed-force microviscosities, since the
gravitational force acting on the dense particles can be considered as the external force
exerted on the probe particle. The force-based Peclet numbers are around 25 for the
gravitational forces experienced by the dense particles in the sedimentation study. At
𝑃𝑒F ≈ 25, at 𝜙2 ≤0.40, 𝜂eff /𝜂𝑠 ≤100, suggesting that the dense particles settle, but more
slowly under such conditions. On the other hand, at 𝜙2 = 0.45, 𝜂eff /𝜂𝑠 ≈ 3000 with a
large standard deviation, which explains why the dense particles suspensions are
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somewhat unstable against sedimentation at 𝜙2 ≈ 0.45. Based on the observed trends of
𝜂eff /𝜂𝑠 -value, it is plausible to speculate that, at 𝜙2 > 0.50, the 𝜂eff /𝜂𝑠 -value would be
much larger, and that the dense particles could remain suspended either indefinitely or for
extremely longer times.
The BDS results indicate, consistently with the experimental data, that the
concentrated dispersions of the light, or non-settling, particles can provide a moderate
resistance against the sedimentation of the dense particles. The key factor in this
stabilization mechanism hypothesis is the volume fraction of the light particles, since the
volume fraction of the light particles can control the local viscosity around the dense
particles; see Figure 7.1. Furthermore, the size of the light particles also has small effects.
In addition, the simulation results also support that the bulk suspensions can retain their
ability to flow under moderate shear rates (or stresses).
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1

Overview

The processes of agglomeration and sedimentation are manifested in natural
phenomena and in engineering applications, and are the key factors that control the
stability of suspensions. The suspension stability is important for producing robust and
stable industrial products, such as inks, paints, cosmetics, detergents, foods, consumer
products, pharmaceuticals, and drug delivery systems. By contrast, the processes of
destabilization, including agglomerating, settling, and creaming, in colloidal suspensions
or emulsions have other industrial or biomedical applications, mostly for separation
purposes.
This thesis deals, for the first time in substantial detail, with the stability of aqueous
(or other) suspensions not only against agglomeration, but also, primarily against
sedimentation. We present a series of novel experiments, and analytical and
computational studies, to investigate the effects of particle diffusion and particle
agglomeration on sedimentation, and also the particle concentration effects on
agglomeration, and, in turn, on sedimentation. Moreover, we have advanced the
understanding of the destabilization processes of depletion-induced flocculation, and of
vesicular-based stabilization against sedimentation. In these studies, to show the relative
importance of gravitational forces and Brownian forces, one may use a key parameter,
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the gravitational Peclet number, 𝑃𝑒g =

𝑣sed 𝑐
𝐷𝑐 ⁄𝐿

= 𝜋𝑑 3 ∆𝜌𝑔𝐿⁄6𝑘B 𝑇, which is defined as the

ratio of the sedimentation flux to the diffusion flux.

8.2

Titania particles in micellar solutions or vesicular dispersions

We have examined first the stability of suspensions of solid commercial titania
nanoparticles against sedimentation and agglomeration in two different types of
suspension media, aqueous surfactant micellar solutions and aqueous surfactant vesicular
dispersions. The titania nanoparticles were not perfectly spherical but globular, as shown
in the SEM (scanning electron microscopy) images; see Figure 3.1. Moreover, they were
quite polydisperse. For these titania suspensions, where Δ𝜌 = 3.2 g/cm3, 𝑑TiO2 =
280±100 nm, 𝐿 = 0.01 m, 𝑇 = 298 K, and 𝑔 = 9.8 m/s2, the 𝑃𝑒g -values are quite high,
much larger than 10. This implies that the diffusion effect is negligible and the particles
will settle out even without any agglomeration, and even faster when there is some
agglomeration. Three surfactants were used to prepare the suspension media: (1) an
anionic single-chain surfactant, sodium dodecylsulfate (SDS); (2) a nonionic single-chain
surfactant, Triton X-100 (TX100), and (3) a cationic double-chain surfactant,
didodecyldimethylammonium bromide (DDAB). DDAB molecules do not form a
molecular or micellar (one-phase) solution, but a lyophobic vesicular (two-phase)
dispersion. Several significant qualitative or quantitative differences were found in
various properties of these media and of dispersions of the titania nanoparticles in these
media.
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SDS and TX100 form micelles in water. The critical micelle concentrations (cmc)
for SDS, in water or in 100 mM NaCl solution, are 8.2 or 1.5 mM. The cmc for TX100 in
water is 0.24 mM. For 𝑐SDS = 0.1 to 200 mM, the viscosities of the SDS solutions
increase slightly, from 1.0 to 1.6 mPa∙s (1.0 to 1.6 cP in CGS units) in water, and from
0.9 to 1.4 mPa∙s in 100 mM NaCl solution. The small discrepancies observed between the
data and the Einstein viscosity relation with the micelle diameter of 3 nm are probably
due, in part, to the nonspherical micelle shape, or the micelle charge, or to micelle
hydration. By contrast, for 𝑐TX100 = 0.05 to 250 mM, the viscosities of the TX100
solutions vary with surfactant concentration, from 0.89 to 6.55 mPa∙s. The data, for
TX100, are in good agreement with the Krieger-Dougherty (KD) viscosity equation for
oblate spheroids (with half-axes a = b > c ) with an axes ratio ( a/c) of 2.0 and an
equivalent diameter of 8 nm, in which the substantial hydration of the micellar head
groups is included. The small discrepancies between the data and the KD equation at the
higher concentrations may be attributed to some interactions among the micelles, or to
the effects of increasing micelle sizes due to increasing aggregation numbers. Each
surfactant monomer, SDS or TX100, adsorbs on the particle surfaces, producing either
strong repulsive electrostatic interactions between the titania particles for SDS, or weak
repulsive steric interactions for TX100 and probably SDS as well, to stabilize the
particles against agglomeration, and in turn slow down the sedimentation process. At
concentrations close to the cmc, the adsorbed SDS molecules are inferred to form a
bilayer structure on the particle surfaces. By contrast, the adsorbed TX100 molecules
seem to lay flat on the surface. The maximum adsorbed density of SDS on the titania
particles was much larger (up to 17 times) than the one of TX100.
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Three regions of surfactant concentrations with different settling behavior were
observed for each surfactant. For SDS and 𝑐SDS < cmc (region 1) or for TX100 and
𝑐TX100 < cmc (region A), the half-time 𝑡s increased with surfactant concentration, from 1
h to 45 h for SDS, and from 1 h to 30 h for TX100. The increase in 𝑡s -value is attributed
to the increasing adsorbed surfactant density, yielding stronger repulsive interactions,
preventing the particles from agglomerating. The smaller maximum half-time in TX100
system suggests a slightly worse dispersibility in TX100 solutions than in SDS solutions,
due to the smaller maximum adsorbed densities of TX100. In region 1 or A, the effects of
viscosity were negligible for both systems. For SDS and cmc < 𝑐SDS < 𝑐 ∗ (region 2),
where 𝑐 ∗ = 60 mM in water and 105 mM in 100 mM NaCl solution, or for TX100 and
cmc < 𝑐TX100 < 𝑐 ∗∗ (region B), where 𝑐 ∗∗ = 20 mM in water, the half-times remained
constant. This suggests little or no further agglomeration (here, coagulation) before the
particles settled. The surfactants, either the monomers or the micelles, have no effect on
either the rate of sedimentation or the rate of agglomeration. In region 2 or B, no
viscosity effect was observed in both systems.
For 𝑐SDS > 𝑐 ∗ (region 3) or 𝑐TX100 > 𝑐 ∗∗ (region C), a substantially different
behavior was found for SDS vs TX100. For SDS, the half-time dropped dramatically to
1-2 h, and remained essentially constant with further increasing 𝑐SDS . The large
concentrations of the SDS micelles induced strong depletion attractive interactions,
yielding fast agglomeration, which was shown to be easily reversible flocculation. In this
range of SDS concentration, the particles are stable against coagulation, but unstable
against flocculation. This inference is supported by DLS (dynamic light scattering) data
and the calculated potential energy curves. In water, the calculated potential energy curve
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showed a smaller, compared to the curves without depletion interactions, but still large
energy barrier of about 18 𝑘B 𝑇. This barrier can prevent the particles from coagulating.
The curve also showed a deeper secondary minimum of about 12 𝑘B 𝑇, which is the main
cause of the observed flocculation. In addition, the depletant size used in the calculations
was not the actual micelle diameter, 𝑎, but a larger value, accounting for the Debye
length 𝜅 −1 of each side of the micelles and of the particles, 𝑎 + 4𝜅 −1. On the other hand,
in 100 mM NaCl solution, the Debye length is smaller, due to the higher ionic strength.
Thus, one has to use in the calculation a higher depletant or micelle concentration 𝑐 ∗ to
trigger the substantial depletion effect, as observed in the 𝑡s data.
By contrast, in region C for the TX100 system, the half-times increased from 30 h to
about 142 h at 𝑐TX100 = 250 mM. The increase mainly resulted from the viscosity effects
of the TX100 micellar solutions. Unlike the SDS system, it would seem at first that there
was no apparent depletion-induced flocculation. However, after the 𝑡s -values were
corrected, or divided by the ratio of the respective viscosities of the micellar solution to
that of water, the corrected half-times 𝑡sI decreased to about 20 h at 𝑐TX100 = 250 mM.
This correction unmasks the micelle-induced depletion, which was hidden by the increase
of the viscosity. A secondarily-corrected half-time 𝑡sII was calculated further, by dividing
𝑡sI by the same ratio, to account for the viscosity effect on the rate of agglomeration. The
new corrected

II
s -values

indicate an even stronger depletion effect.

The behavior of DDAB vesicular dispersions was quite different from that of the
surfactant solutions, and unique indeed. With stirring, or with stirring and sonication, this
double-chain surfactant forms in water mostly large unilamellar vesicles. The vesicles
appear to be kinetically stable for long times, weeks and months, and they do not settle.
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At 2 wt%, the DDAB vesicles with diameters larger than 400nm were close-packed with
polyhedral shapes. Their volume fraction was beyond the close-packed limit for
undeformed spheres, as confirmed by using the cryo-TEM (cryo-transmission electron
microscopy) technique. Several independent lines of evidence, including DLS and zeta
potential measurements, support the hypothesis of a severely restricted mobility of the
vesicles. The rheological behavior of the DDAB dispersions was determined. They are
highly shear-thinning, with viscosities of 104 to 106 mPa ∙ s at low shear stresses from
0.002 to 0.02 Pa, and viscosities of 10 mPa ∙ s at high shear stresses from 5 to 10 Pa.
Under these conditions, the shear-stresses arising from the gravitational forces of the
titania particles with diameters of about 200 to 400 nm are small. Then, the particles
respond to, or “feel”, the high low-shear-stress viscosities, and their mobility is extremely
slow. On the other hand, the bulk suspensions can flow freely in a typical capillary tube
with a diameter of 1 to 10 mm. These close-packed vesicular dispersions provide an
optimal resistance against sedimentation of high-𝑃𝑒g particles, without impeding the
motion of the bulk flow of the titania suspensions. For one example shown in this thesis,
the titania particles remained suspended for at least 18 months. Nonetheless, the
flowability of the bulk suspensions was still quite suitable for the ink-jet printing
applications, because of their low high-shear-stress viscosity. See also Section 8.5 for
relevant Brownian dynamic simulation results. An international patent application,
related to the DDAB and titania systems, has been filed and published, in collaboration
with the sponsoring company, Hewlett-Packard.
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8.3

Silica monodisperse suspensions with various salt concentrations

To study the effect of interparticle interactions on the rates of agglomeration and
further on the rates of sedimentation, we have measured the half-times 𝑡s of
monodisperse silica particles in water, in ethanol, and in aqueous NaBr solutions with
𝑐NaBr ranging from 50 to 1000 mM. The silica particles were nearly perfectly spherical
and quite monodisperse, as shown in the SEM images. The particles have diameters of
about 750, 496, or 353 nm, as determined with the DLS data. Their 𝑃𝑒g -values are much
larger than 100, suggesting a negligible diffusion effect on the edimentation. In water or
in ethanol, the particles were negatively charged. Their 𝑡s -values were found to be the
same as the ones predicted by the Stokes law, suggesting that the dispersed particles were
monodisperse, and well dispersed, and that they remained so during the settling process.
By the addition of an electrolyte NaBr into the suspensions, the charges on the particles
were screened by the ions, resulting in weaker electrostatic interactions, which might
cause an increase in the agglomeration rate of the particles. Three regions of NaBr
concentrations with different settling behavior were found for each size. At lower 𝑐NaBr values (region I), the 𝑡s -values were the same as at no salt conditions, suggesting that
there was little or no agglomeration before the particles settled. At moderate 𝑐NaBr -values
(region II), the 𝑡s -values decreased with increasing 𝑐NaBr and were very sensitive to the
salt concentration. While settling, the particles underwent some agglomeration, forming
medium-size clusters. The agglomeration time for forming medium-size clusters and the
sedimentation time of those medium-size clusters were inferred to be comparable. At
higher 𝑐NaBr -values (region III), the 𝑡s -values were quite similar for all particles and
independent of 𝑐NaBr . The large clusters formed in short times and then settled rapidly.
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By further increasing the particle concentration, the rate of the particle collisions
increased, causing the particles to agglomerate faster, and then to settle faster. These
model silica suspensions were used to evaluate the new models, presented in this thesis,
for predicting the measured (or net) sedimentation half-times. The data were in accord
with the model predictions qualitatively and semi-quantitatively.

8.4

Models for predicting half-times of sedimentation

To predict the measured (net) half-times of sedimentation, several models were
presented and discussed. The classical Mason-Weaver model was used for describing the
sedimentation rate of suspensions of monodisperse particles in the absence of
agglomeration. A new modified model based on the Mason-Weaver equation was
developed for the suspensions with polydisperse-size particles. To account for the effects
of agglomeration, we developed several new models, based on the Smoluchowski steadystate model or the generalized unsteady-state model of agglomeration,72 and on the
Stokes law, for suspensions with initially monodisperse silica, or other high-density,
particles.
In the absence of any effects of particle agglomeration, the classical model of
Mason-Weaver was modified for a polydisperse system by using a Gaussian-type discrete
size distribution. It is based on the assumption that the sedimentation of particles of one
size has no effect on the sedimentation of other particles with different sizes. The model
is considered to be valid only for dilute suspensions of non-interacting particles. From
some sample calculations, we found that the polydispersity can have a significant effect
on the sedimentation half-times, which are mainly controlled by the more slowly settling
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smaller particles. In addition, the model predictions are consistent with the results for
polydisperse titania particles in SDS solutions or in TX100 solutions.
To account for the effects of agglomeration, we have developed models for
suspensions containing high-density, or high- 𝑃𝑒g -value, particles. We used the
Smoluchowski steady-state and the unsteady-state models to predict the agglomeration
times, 𝑡a𝑛 , for forming clusters with 𝑛 primary particles (or monomers). The Stokes law
was used for predicting the intrinsic sedimentation half time 𝑡s𝑛 of these clusters. As n
increases, 𝑡a𝑛 increases, while 𝑡s𝑛 decreases. At a certain cluster size of 𝑛 = 𝑛∗ , where
𝑡a𝑛∗ = 𝑡s𝑛∗ , the net half-time 𝑡s∗ is about equal to 𝑡a𝑛∗ and to 𝑡s𝑛∗ . The models consider
initially monodisperse particles that interact via the hard-sphere potential or otherwise.
To obtain analytical expressions for 𝑡a𝑛 , we have made the following simplifications and
assumptions: (1) only clusters of size 2𝑁m are considered, where 𝑁m is an positive integer;
(2) the clusters are described by a fractal model; (3) while particles agglomerate, they do
not settle; (4) the processes of agglomeration and sedimentation occur sequentially. Since
the formation of clusters with other numbers of monomers is neglected, the models
underestimate the agglomeration rate, and then provide an upper bound of the
agglomeration times. In turn, the net sedimentation half-times are somewhat
overpredicted. The model predictions, however, are qualitatively and semi-quantitatively
consistent with the data of the silica suspensions, as discussed earlier. The models can be
used for estimating the sedimentation times, the agglomeration times, and the clusters
sizes as a function of time, and for estimating the Fuchs-Smoluchowski stability ratios,
by comparing or fitting the model predictions with the experimental data. The models can
also be used for providing some bounds of the agglomeration times and the sedimentation
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times for polydisperse systems. This was done for the titania suspensions,27 by treating
the actual polydisperse suspension as an initially monodisperse suspension of the smallest
particles fractions, which mainly control the sedimentation times.

8.5

Brownian dynamic simulations

Finally, we have used Brownian dynamics simulations to elucidate the key factors of
the mechanisms by which vesicles or other non-settling particles can stabilize the dense
particles against sedimentation; see Section 8.3. The simulations were done for mixtures
of two types of colloidal spherical particles interacting via highly repulsive DLVO
potentials. For high-density particles, or “dense particles,” the 𝑃𝑒g -value is high. In the
absence of other particles, these particles settle rapidly. For the second type of particles,
𝑃𝑒g is zero (in practice, very small, ≪ 1), to mimic the behavior of non-settling “rigid
vesicles,” called “light particles”. The effects of the volume fraction and the size of the
light particles on the stability of the dense particles against sedimentation are examined.
The rheological behavior of the light particle dispersions, and the local viscosities around
the dense particles in the mixtures are computed from the simulations.
The simulation results show that the key factor in this mechanism is the volume
fraction 𝜙2 of the light particles, as would be expected. The stability of the dense
particles against sedimentation improves with increasing 𝜙2 . Furthermore, the dense
particles remained suspended indefinitely as 𝜙2 exceeds a threshold of about 0.3 to 0.5.
The threshold is higher for the larger light particles. The light particle dispersions are
predicted to be shear-thinning, suggesting that they can be flowable. So are the bulk
suspensions of the dense particles in the light particle dispersions, since the relatively
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small volume fractions of the dense particles should not significantly affect the total
viscosities. Furthermore, the local viscosities, or microviscosities, around the dense
particles in the particle mixtures are predicted to increase with increasing 𝜙2 . These
mocroviscosities are responsible for the slow sedimentation behavior of the dense
particles, and for the stability of these particles against sedimentation. The BDS results
indicate, consistently with the data in Section 8.3, that the dispersions of the light
particles or the non-settling particles, such as the vesicular dispersions in Chapter 6, can
provide a general method for long-term stabilization against sedimentation of suspensions
of the dense particles. Most importantly, this can be done without impeding significantly
the flow of the bulk suspensions for a wide range of the particle sizes and volume
fractions.

8.6

Recommendations for future research

On the basis of the results and the insights gained in this thesis, in our judgment, the
following subjects deserve further detailed study in future research.
1.

Extension of the studies on the effects of agglomeration on the sedimentation:
In Chapter 4, the new models of sedimentation and agglomeration were developed

for predicting the measured or net sedimentation half-time. The models can also predict
the sizes of the cluster and their agglomeration times. In the models, we assumed two
processes, agglomeration and sedimentation, occur sequentially, but they should occur
simultaneously. The models were first evaluated with an initially monodisperse spherical
silica particles system by measuring the sedimentation half-time, which were compared
to the models’ predictions. To. After comparing these results to the models’ predictions,
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one might be able to improve the models, as needed. Another way to evaluate the models
and the processes of sedimentation coupled with sedimentation is setting up a Brownian
dynamic simulation to take both processes into account. In the simulation, one might
need to presume the particles interacting with DVLO potentials and to use the fractal
model to describe the sizes, shapes, and densities of the clusters.

2.

Extension of the experimental studies on the vesicular stabilization mechanism:
In Chapter 6, we presented the novel use of close-packed vesicular dispersions to

stabilize the commercial high-density titania particles. For forming close-packed vesicles,
a double chain cationic surfactant, didodecyldimethylammonium bromide (DDAB) was
used. The DDAB vesicles were quite polydisperse and their sizes were in the range of
200 nm and 600 nm. It is worthwhile to examine how the polydispersity of the DDAB
vesicles and how their sizes will affect the extent of close-packing and further affect their
ability to stabilize the high-density particles. One may use the method of vesicles
extrusion as shown by Frisken et al.163 or vesicles of extrusion-dialysis as shown by Zhu
et al.164 to prepare monodisperse vesicular dispersions; the sizes and the microstructures
of the vesicles can be examined again by Cryo-TEM technique. In addition, for
examining the universality of the vesicular stabilization mechanism, one can use other
double-chain surfactants,125 binary copolymer mixtures,165-167 or surfactant mixtures168-169
to form the vesicular non-equilibrium or equilibrium vesicles.
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3.

Expansions of the BD simulations to examine the vesicular stabilization mechanism:
In Chapter 7, we found out that the key factor in this stabilization mechanism is the

volume fraction of the light particles, which serve as stabilizers in this mechanism. In the
recent BD simulation, the light particles are assumed to be rigid, undeformable and not
overlapping with each other; however, the vesicles are deformable. Hence, it is
worthwhile to improve our BD simulation to concern the deformability of the light
particles. Although it would be difficult and complicated to change the shape of the
particles directly during the simulation, one can use the lattice-spring model170 to
consider the deformable particles. The stability of suspensions against sedimentation, and
the macrorheology and the microrheology of the dispersions consisting of the deformable
light particles will need to be examined. The simulation results can compare to
experimental results of the second point of the recommendations of future research for
helping one to advance the understanding of this vesicular stabilization mechanism.
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Appendix A. Analytical solution for Mason-Weaver equation
The Mason-Weaver equation can be solved with the use of either a Laplace
transform or the Sturm-Liouville theory, and its analytical solution can be expressed in
the form of an infinite series. In this section, the derivation of the analytical solution from
the Sturm-Liouville theory is shown. This theory is often used for solving real separable
second-order linear differential equation. The second-order linear differential equation
can be rewritten in the form of Sturm-Liouville equation by an appropriate integrating
factor. The Sturm-Liouville operator is defined as
1

d

d

L ≡ − 𝑟(𝜉) d𝜉 (𝑝(𝜉) d𝜉 ) + 𝑞(𝜉)

(A-1)

The dimensionless Mason-Weaver equation can be rewritten as
𝜕𝐶
𝜕𝜃

𝜕2 𝐶

𝜕𝐶

= − (𝜕𝜉2 + 𝑃𝑒𝑔 𝜕𝜉 ) = L𝐶

(A-2)

Its corresponding eigenvalue problem is
𝜕2 𝑧

𝜕𝑧

L𝑧 = − (𝜕𝜉2 + 𝑃𝑒g 𝜕𝜉) = 𝜆𝑧

(A-3)

where λ is the eigenvalue of the equation; z is the eigenfunction of the equation. Then Eq.
(A-1) can be recasted as
𝜕𝐶

L𝐶 = − 𝜕𝜃

(A-4)

Using the following transformation to transform Eq. (A-4) corresponding to the certain
eigenvalue λn to the following equation.
𝑏
̅̅̅
𝐶𝑛 = ∫𝑎 𝑟(𝜉)𝐶(𝜉)𝑧𝑛 (𝜉)d𝜉

(A-5)

The transforming equation of Eq. (A-4) becomes
̅̅̅̅

𝜕𝐶𝑛
̅̅̅
𝜆𝑛 𝐶
𝑛 = − 𝜕𝜏

(A-6)
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The solution of Eq. (A-7) corresponding to the eighenvalue 𝜆𝑛 is
̅̅̅
𝐶𝑛 = ̅̅̅̅̅
𝐶𝑛0 𝑒𝑥𝑝(−𝜆𝑛 𝜃)

(A-7)

The nontrivial solution of Eq. (A-2) can be expressed as a sum of the solutions
corresponding to all the eigenvalues obtained by inverse transformation.
∞ ̅̅̅̅̅
̅̅̅
𝐶(𝜉, 𝜃) = ∑∞
𝑛=0 𝐶𝑛 (𝜃)𝑧𝑛 (𝜉) = ∑𝑛=0 𝐶𝑛0 𝑒𝑥𝑝(−𝜆𝑛 𝜃)𝑧𝑛 (𝜉)

(A-8)

where
𝑏

(1) ∫𝑎 𝑟(𝜉)𝑧𝑛2 (𝜉)d𝑥 = 1

which is in order to normalize the eigenvectors

𝑏

(2) ̅̅̅̅̅
𝐶𝑛0 = ∫𝑎 𝑟(𝜉)𝐶𝑖 (𝜉)𝑧𝑛 ( )d𝑥

which is according to the initial condition

Following the strategy mentioned above, the analytical solution is as follow.
𝐶(𝜉, 𝜃) =
∑∞
𝑛=0

𝑃𝑒g 𝑒 −𝑃𝑒g 𝜉
(1−𝑒 −𝑃𝑒g )

𝑛𝜋𝑃𝑒g 2
𝜆𝑛 2

(𝑒

𝑃𝑒g
2

+

(A-9)

(−1)𝑛+1 + 1) 𝑒𝑥𝑝(−𝜆𝑛 𝜃) 𝑒 −

𝑃𝑒g 𝜉
2

[𝑠𝑖𝑛(𝑛𝜋𝜉) −

𝑃𝑒g 2
where 𝜆𝑛 = 𝑛 𝜋 +
4
2 2

2𝑛𝜋
𝑃𝑒g

𝑐𝑜𝑠(𝑛𝜋𝜉)]
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Appendix B. Supporting information of the titania particles
B.1 X-ray photoelectron spectroscopy (XPS)
The elements in the surface layer of the titania particles were detected with a Kratos
X-ray Photoelectron Spectroscope with a monochromatic Al anode. The experiments
were done at the Birck Nanotechnology Center at Purdue University. XPS data showed
that in addition to strong signals from titanium (Ti) and oxygen (O), the spectrum shows
evidence of aluminum (Al), which is probably from the surface layer of Al2O3 (see
Figure B.1). The thin organic surface layer is the possible source of carbon (C), and
probably the source of the small amount of fluorine (F) and nitrogen (N).

Figure B.1 Data of XPS of dry titania (TR52) particles.
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B.2 Thermogravimetric analysis (TGA)
The mass loss of the dry titania particles for temperatures up to 1000 ℃ was
determined with a Q500 Thermogravimetric Analyzer (TGA) at the HP Innovation Labs.
Samples of 20 ± 3 mg were heated at 20 ℃/min under an argon atmosphere. The data
were analyzed by using the TA Universal Analysis 2000 software. From TGA, the large
number of peaks may arise from the decomposition and evaporation of the organic
surface layer; see Figure B.2. These peaks were not identified. The data were used only
to estimate the TiO2 content. The solid remaining at the end may also contain Al2O3 and
some residual carbon.

Figure B.2 Thermogravimetric analysis (TGA) data for dry titania (TR52) particles.
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Appendix C. Supporting material for Chapter 4
C.1 Effects of particle concentration on sedimentation of silica suspensions
The suspensions in water with particle concentrations of 0.1, 0.2, 0.5, 1.0, and 3.0
wt% for the three types of silica particles were examined. The photographs of the
aqueous suspensions at various times since sample preparation are shown in Figure C.1.
The front locations are nearly identical at the times shown for each type of particles,
inferring that that there were no interparticle interactions.

Figure C.1 Photographs for aqueous suspensions of silica particles with 𝑑 = 750 (a1-a5),
505 (b1-b5), and 350 nm (c1-c5), and various particle weight fractions at various times
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since sample preparation: for vials 1-5, particle weight fractions are 0.1, 0.2, 0.5, 1.0, and
3.0 wt%.

C.2 Effects of salt concentration on sedimentation of silica suspensions at 0.5 wt%
The behavior of the silica suspensions was tested at various concentrations of added
electrolyte NaBr, from 50 to 750 mM at 0.5 wt%. The photographs of the aqueous
suspensions at various times since sample preparation are shown in Figure C.2 and C.3.
Three types of behavior were observed for the 750 and 350 nm particles as observed for
the 505 nm particles; see main texts for details.

Figure C.2 Photographs for aqueous suspensions of 0.5 wt% silica particles with d = 750
nm and various NaBr concentrations cNaBr: for vials 1-8, cNaBr = 0, 50, 100, 125, 150, 200,
250, and 300 mM.
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Figure C.3 Photographs for aqueous suspensions of 0.5 wt% silica particles with d = 350
nm and various NaBr concentrations cNaBr: for vials 1-12, cNaBr = 0, 50, 100, 150, 200,
250, 300, 350, 400, 500, 600, and 750 mM.

C.3 Derivation of the agglomeration time for the USS model and the interacting particles
If one considers only monomers colliding with other monomers to form dimers, then
the time evolution of the bulk concentrations of the monomers 𝑁1 (𝑡) can be obtained by
integrating the following second-order kinetic equation,4, 62, 73-74
−

d𝑁1 (𝑡)
d𝑡

= 𝑘11 𝑁12

(C-1)

The rate constant 𝑘11 for the Smoluchowski steady-state model is given by4, 62, 73-74
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HS/SS

𝑘11

int/SS

𝑘11

=
=

8𝑘B 𝑇
3𝜂
8𝑘B 𝑇
3𝜂𝑊

for hard spheres

(C-2)

for interacting particles

(C-3)

where 𝑊 is Fuchs-Smoluchowski stability ratio, defined in Eq. (3-6). Using these rate
constants and a monomer initial volume fraction of 𝜙1 =

𝜋𝑑13 𝑁1 (𝑡=0)
6

, Eq. (C-1) is solved

and yield Eq. (4-5) for hard spheres and Eq. (4-7) for interacting particles.
𝑁1 (𝑡)
𝑁1 (𝑡=0)
𝑁1 (𝑡)
𝑁1 (𝑡=0)

= 1+16𝜙1𝑘B𝑇𝜋𝜂𝑑13𝑡−1

(4-5)

= 1+16𝜙1𝑘B𝑇𝜋𝜂𝑑13𝑊𝑡−1

(4-7)

For the unsteady-state model, the time-dependent rate constant for hard spheres is
given by4, 62, 73-74
HS/USS

𝑘11

=

8𝑘B 𝑇

𝜏

(1 + √ 𝑡1 )

3𝜂

(C-4)

By solving Eq. (C-1) with this rate constant, one can obtain the time evolution of the
monomer number density as
𝑁1 (𝑡)
𝑁1 (𝑡=0)

= [1 +

16𝜙1 𝑘B 𝑇
𝜋𝜂𝑑13

𝑡 (1 +

2
√𝑡/𝜏1

) ] −1

(4-9)

If we assume that the unsteady-state rate constant for interacting spheres is the hardsphere rate constant divided by 𝑊 , as is for the steady-state model, then the time
evolution of the monomer number density can be given by
𝑁1 (𝑡)
𝑁1

= [1 +
(𝑡=0)

16𝜙1 𝑘𝐵 𝑇
3

𝜋𝜂𝑑1 𝑊

𝑡 (1 +

2
√𝑡/𝜏1

−1

) ]

1

(C-3)

by setting 𝑁1 (𝑡) = (100) 𝑁1 (𝑡 = 0), one can calculate the time for the monomers to
agglomerate completely (by 99%) to form dimers
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USS
𝑡a2
= 𝜏1 [(1 +

SS
𝑡𝑎2

𝜏1

2

1
2

𝑊) − 1]

(C-4)

USS
If the dimers are now onsidered to be the new “primary particles” beyond 𝑡a2
. With

assumption that 𝑊 is independent of size and the same for both cluster models, the time
evolution of the dimer density is
𝑁2 (𝑡)

𝑁2

= [1 +
(𝑡=𝑡 USS )

16𝜙2 𝑘𝐵 𝑇

a2

𝜋𝜂𝑑2 3 𝑊

𝑡 (1 +

−1

2
√𝑡/𝜏2

) ]

(C-5)

The time for the dimers to agglomerate completely (by 99%) to form only tetramers is
1

USS
calculated by setting 𝑁2 (𝑡) = (100) 𝑁2 (𝑡 = 𝑡a2
)

USS
𝑡a4

=

𝜏2

USS
𝑡a2

+ 𝜏1 [(𝜏 + (2)

𝑆𝑆
𝑡𝑎2

1

𝜏1

1
2

2
𝜏2

𝑊) − 𝜏 ]

(C-6)

1

Similarly, one can obtain the time to form n-mers as
𝜏𝑚

SS
𝑡a2

1

𝜏1

USS
𝑡a𝑛
= 𝜏1 ∑′𝑚 [( 𝜏 + (𝑚)

where 𝜏𝑚 =

3𝜂𝑑𝑚 3
2𝑘𝐵 𝑇

1
2

𝑊) −

1 2
𝜏𝑚 2
(𝜏 ) ]
1

(C-7)
𝑛

, and the summation is only for 𝑚 =1, 2, 4, 8, …, 2. One can rewrite

Eq. (C-7) by using Eq. (3-8) as follows
2

1

𝑚=𝑁 −1

USS
𝑡a𝑛
= 𝜏1 ∑𝑚=0 𝑚

[(23𝑚/𝑑f +

2
𝑡 SS
2𝑚 𝜏a2 𝑊)
1

− 23𝑚/2𝑑f ]

(C-8)

where 𝑛 = 2𝑁m .

C.4 Monomer and Clusters Number Densities and Agglomeration Times
The following calculations are done for systems similar to some of our experimental
systems, with 𝑑1 = 484 nm, ∆𝜌1 = 1.0 g/cm3, 𝜙1 = 0.0025 or 0.015, 𝜂 = 0.89 cP, 𝑇 =
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298 K, and 𝐿 = 1.8 cm. For the compact clusters and the loose fractal clusters, a fractal
dimension 𝑑f of 3.0 and 1.8 for diffusion-limited agglomeration were used. The time
evolution of monomer, dimer, and tetramer number densities for 𝑊 = 1 is shown in
Figure C.4 and C.5. As 𝜙1 increased, the particles agglomeration became faster for both
the compact or loose fractal clusters. For the SS model, the time evolution of the cluster
number densities for the compact and the loose fractal clusters was the same, so did the
corresponding agglomeration times; see Figure C.4 for 𝜙1 = 0.015. For the USS model
(Figure C.5), with the same 𝜙1 , for 𝑑f = 3.0 and 𝑑f = 1.8, the time evolution for monomer
and clusters were almost the same, but the one with 𝑑f = 1.8 dropped always earlier than
the one with 𝑑f = 3.0. In general, the predictions of 𝑡a𝑛 are SS/fractal = SS/compact >
USS/fractal > USS/compact. See Section 4.5.3.1 for more details.

Figure C.4 Time evolution of monomer, dimer, tetramer, and octamer number densities
with 𝑑1 = 484 nm, 𝑊 = 1, and 𝜙1 = 0.015 for the SS models and the compact (𝑑f = 3.0)
or fractal (𝑑f = 1.8) clusters.
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(a)

(b)

(c)

(d)

Figure C.5 Time evolution of monomer, dimer, tetramer, octamer, and 16-mer with 𝑑1 =
484 nm and 𝑊 = 1 for the USS model with (a) 𝜙1 = 0.0025 and 𝑑f = 3.0, (b) 𝜙1 = 0.0025
and 𝑑f = 1.8, (c) 𝜙1 = 0.015 and 𝑑f = 3.0, and (d) 𝜙1 = 0.015 and 𝑑f = 1.8.

For 𝑑1 = 484 nm, 𝑊 = 1, and 𝜙1 = 0.0025, the agglomeration times were plotted as a
function of cluster diameter 𝑑𝑛 in Figure C.6. In general, for a cluster diameter 𝑑𝑛 , the
order of the agglomeration times is SS/compact ≥ USS/compact ≥ SS/fractal ≥
USS/fractal; see main text for details.

241

Figure C.6 For particles with 𝑑1 = 484 nm, 𝑊 = 1, and 𝜙1 = 0.0025, agglomeration times
𝑡a𝑛 predicted by the SS/compact, SS/fractal, USS/compact, and USS/fractal models is
shown as a function of cluster diameter 𝑑𝑛 .

C.5 DLVO Potential Curves and The Corresponding Stability Ratios
For the 750 nm silica particles in 1000 mM NaBr, the DLVO potential curves are
shown in Figure C.7. The values of the surface potentials used are the experimental
values of -22.3 mV at 𝑐NaBr = 200 mM, and four Hamaker constants are used. For 𝐴 =
1.5 and 2.0 zJ, the potential energy barriers are about 40 𝑘𝐵 𝑇 and 20 𝑘𝐵 𝑇; the stability
ratios are 5.3x1014 and 3.8x106 respectively. For 𝐴 = 3.0 and 4.4 zJ, there are no
potential energy barriers, and the stability ratios are both about 0.95.
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Figure C.7 Dimensionless DLVO potential between two equal-size spheres as a function
of the separation distance ℎ for 𝑑 = 748 nm in 𝑐NaBr = 1000 mM. In the calculation, the
zeta potentials of -22.3 mV are used as surface potential, and various Hamaker constants
A are used. Their corresponding stability ratios 𝑊 are shown also well.
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Appendix D. Supporting material for Chapter 6
D.1 Results on DLS measurements of DDAB vesicles after preparation
DLS measurements were used to detect the sizes of the DDAB vesicles, and provide
evidence of the vesicles mobility. The hydrodynamic diameters of DDAB vesicles in
water from 0.05 to 2.0 wt% with procedures S and SS were measured (Table D.1). At
0.05 wt%, the vesicles sizes were about 353 ± 195, and 184 ± 106 nm for the S and SS
procedures, respectively. Substantial size polydispersity was observed in both cases. The
sonicated samples had smaller vesicles with more uniform diameters. With higher DDAB
concentration, 0.5 and 1.0 wt%, the sizes increased to 400 ± 233 and 429 ± 273 nm for
the S procedure, and to 300 ± 156 and 357 ± 211 nm for the SS procedure. The sizes
were slightly larger at the higher concentrations, and again smaller with the SS procedure
than with the S procedure (at the same concentration.) Sonication evidently broke up the
vesicles to smaller sizes. At 𝑐DDAB = 1.5 wt% (S), the DLS results showed apparent sizes
of 1000 − 3000 nm (1 − 3 μm). This is probably an artifact due to the presence of
vesicles adjacent to other vesicles, which slow down their movement, or due to locally
high viscosities. For 1.5 wt% (SS), the apparent vesicle sizes were smaller, about
340 ± 187 nm , closer to the range at lower concentration implying less significant
vesicles interactions. At 𝑐DDAB = 2.0 wt% (S or SS), the auto correlation functions did not
decay to zero, showing that the vesicles’ positions may be correlated, and no reliable
values of vesicles diameters can be obtained. In these systems, the vesicles cannot move
or diffuse freely, since they are impeded by the other vesicles.
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Table D.1 Average hydrodynamic diameters of DDAB vesicles in water with the S and
SS procedures at different concentrations
cDDAB , wt%

dh , nm

S
SS
353(±4) ± 195(±2) 184(±2) ± 106(±2)
0.05
356(±5) ± 196(±3) 304(±4) ± 158(±2)
0.20
400(±8) ± 233(±6) 300(±8) ± 156(±6)
0.50
400(±5) ± 231(±3) 380(±6) ± 217(±3)
0.70
429(±10) ± 273(±7) 357(±7) ± 211(±4)
1.00
340(±5) ± 187(±3)
1.50
N/A ∗
2.00
N/A ∗
N/A ∗
The averages of the effective diameters 𝑑h , the averages of the HWHM widths Δd, and
their standard deviations 𝜎1 and 𝜎2 are reported as 𝑑h (±𝜎1 ) ± Δ𝑑(±𝜎2 ) nm.
*N/A: No reliable data can be obtained from DLS measurements due to non-standard
shapes of the auto-correlation functions.

D.2 Additional Cryo-TEM images of titania particles in DDAB vesicular dispersions

(a)

(b)
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(c)

(d)

(e)

(f)

(g)

(h)

Figure D.1 Additional cryo-TEM micrograph of titania particles in DDAB vesicular
dispersions prepared with S procedure((a)-(e)) and with SS procedure ((f)-(h)). In (d) and
(e), some particles may be encapsulated in a vesicle.
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